
I 

NASA Contractor Renort  4020 
I- 

- .---- 

Computation of Multi-Dimensional 
Viscous Supersonic Jet Flow 

1'. N. Kim, R. C. Buggeln, 
and H. McDonald 



NASA Contractor Report 4020 

Computation of Multi-Dimensional 
Viscous Supersonic Jet Flow 

Y. N. Kim, R. C. Buggeln, 
and H. McDonald 
Scientific Research Associates, Inc. 
Glastonbury, Connecticut 

Prepared for 
Lewis Research Center 
under Contract NAS3-227 59 

NASA 
National Aeronautics 
and Space Administration 

Scientific and Technical 
tnformation Branch 

1986 



TABLE OF CONTENTS 

Page 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

LIST OF SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
SOLUTION OF THE GOVERNING EQUATIONS . . . . . . . . . . . . . . . . .  21 
TESTCASES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 

-an DISCUSSION AND WNCLUSIUNS . . . . . . . . . . . . . . . . . . . . . . .  
USER'S MANUAL . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31 

Flow Diagram . . . . . . . . . . . . . . . . .  
PEPSIN Subrou t ines  . . . . . . . . . . . . . .  
Logica l  F i l e  Un i t s  U t i l i z e d  by PEPSIN Computer 
PEPSIN Inpu t  . . . . . . . . . . . . . . . . .  
N a m e l i s t  I npu t  Desc r ip t ion  . . . . . . . . . .  
E r r o r  Cond i t ions  i n  t h e  PEPSIN Computer Code 
PEPSIN FORTRAN Var i ab le s  . . . . . . . . . . .  
Sample Inpu t  and Sample Output . . . . . . . .  

. . . . . . . . .  31 . . . . . . . . .  36 
Code . . . . . .  40 . . . . . . . . .  42 . . . . .  0 . 0 . 4 5  . . . . . . . . .  59 . . . . . . . . .  63 . . . . . . . . .  85 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87 

FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90 

PRECEDING PAGE B U N #  NOT FILMED 

iii 



I SUMMARY 

I A new method has  been developed f o r  two and three-dimensional  

computat ions of v i scous  supe r son ic  f lows with embedded subsonic  r eg ions  

a d j a c e n t  to  s o l i d  boundar ies .  The approach employs a reduced form of  t h e  

Navier-Stokes equa t ions  which a l lows  s o l u t i o n  a s  an i n i t i a l - b o u n d a r y  v a l u e  

problem i n  space ,  us ing  an e f f i c i e n t  n o n i t e r a t  i v e  forward marching 

a lgo r i thm.  Numerical i n s t a b i l i t y  a s soc ia t ed  wi th  forward marching a lgo r i thms  
1 

I €or  flows wi th  embedded subsonic  r eg ions  is avoided by approximation of t h e  

reduced form of t h e  Navier-Stokes equat ions  i n  t h e  subsonic  r eg ions  of  t h e  

boundary l a y e r s .  

s imul taneous  c a l c u l a t e d  by a c o n s i s t e n t l y  s p l i t  l i n e a r i z e d  b lock  i m p l i c i t  

computa t iona l  a lgor i thm.  

c a s e s  r e l e v a n t  t o  i n t e r n a l  supersonic  flow is  p resen ted  and compared w i t h  

A _ a _ t _ a _ ,  Comparison between d a t a  and comput'ation a r e  i n  g e n e r a l  e x c e l l e n t  t hus  

i n d i c a t i n g  t h a t  t h e  computa t iona l  technique has  g r e a t  promise as a t o o l  f o r  

c a l c u l a t i n g  supe r son ic  flow with embedded subsonic  r e g i o n s .  F i n a l l y ,  a 

User's Manual is  p resen ted  f o r  t h e  computer code used t o  perform t h e  

c a l c u l a t i o n s .  

I 
Supersonic  and subsonic  p o r t i o n s  of t h e  flow f i e l d  are 

The r e s u l t s  of  computations f o r  a series of  test 



INTRODUCTION 

The i n t e r a c t i o n  of a supe r son ic  j e t  wi th  an e x t e r n a l  stream has r ece ived  

cons ide rab le  a t t e n t i o n  due to i ts  c r i t i c a l  r o l e  i n  de t e rmin ing  bo th  t h e  

thermodynamic and a c o u s t i c  s i g n a t u r e s  from a v e h i c l e  producing a supe r son ic  

j e t .  

shock and expansion waves, t he  development of v i s c o u s  mixing l a y e r s  and t h e  

i n t e r a c t i o n  o f  t h e s e  phenomena ( F i g s .  1 and 2 ) .  As a consequence, a 

complicated m u l t i p l e  shock c e l l  flow s t r u c t u r e  comes i n t o  e x i s t e n c e  i n  the  

j e t .  

i n t e r f a c e  is  determined p r i m a r i l y  by the  c o n d i t i o n s  o f  an ambient f low. A t  

t h e  j e t  i n t e r f a c e ,  t h e s e  two d i f f e r e n t  flows form a t u r b u l e n t  mixing l a y e r  

which s t r o n g l y  i n t e r a c t s  with bo th  shock and expansion waves. 

presence of i n t e r a c t i o n s  with waves, t h e  t u r b u l e n c e  s t r u c t u r e  i n  t h e  mixing 

l a y e r  may b e  s t r o n g l y  a f f e c t e d .  Both c o m p r e s s i b i l i t y  e f f e c t s  and p r e s s u r e  

g r a d i e n t s  i n  t h e  j e t  can a l s o  i n f l u e n c e  t h e  t u r b u l e n c e  s t r u c t u r e  i n  t h e  

mixing l aye r .  

and complicate  t h e  t u r b u l e n t  j e t  flow s t r u c t u r e  ( F i g .  2 ) .  The mixing p r o c e s s  

t h a t  is present  downstream of t h e  d i s c  has  wake-like c h a r a c t e r i s t i c s ,  and t h e  

entrainment  p rocess  induces l a r g e  s t r e a m l i n e  displacement  which can 

apprec i ab ly  a l t e r  p r e s s u r e  l e v e l s  from those  o c c u r r i n g  i n  t h e  i n v i s c i d  

l i m i t .  Because of t h e  s t r o n g  v i s c o u s / i n v i s c i d  i n t e r a c t i o n s  as d i s c u s s e d  

above, i n v i s c i d  t h e o r e t i c a l  methods have been found t o  be inadequate  f o r  

p r e d i c t i n g  j e t / e x t e r n a l  f low i n t e r a c t i o n s .  The re fo re ,  v e r y  c o s t l y  

experimental  t e s t i n g  has been the  primary means o f  de t e rmin ing  t h e  complex 

flow p a t t e r n s  a s s o c i a t e d  wi th  t h e s e  flows. Hoeever, i n  r e c e n t  y e a r s ,  

advances i n  computat ional  f l u i d  dynamics have demonstrated t h a t  t he  

dependence on the  experimental  a n a l y s i s  of such a complex flow can  be reduced 

by u t i l i z i n g  computat ional  a n a l y s i s .  Unlike t h e  experimental  t e s t i n g ,  

computational a n a l y s i s  i s  not n e c e s s a r i l y  r e s t r i c t e d  by Reynolds number and 

o t h e r  flow or t e s t i n g  c o n d i t i o n s .  Furthermore,  expe r imen ta l  c o s t s  are  

s t e a d i l y  i n c r e a s i n g ,  whereas t h e  computat ional  c o s t s  have been and are 

expected to d e c r e a s e .  Thus, t h e  goa l  of t h e  c u r r e n t  work was t o  develop an 

e f f i c i e n t  and r e l i a b l e  numerical  approach f o r  t h e  p r e d i c t i o n  of t h e  d e t a i l e d  

flow s t r u c t u r e  of a supe r son ic  j e t  exhausted i n t o  the  e x t e r n a l  flow. 

The physics  of s u p e r s o n i c  j e t  flow i s  c h a r a c t e r i z e d  by t h e  fo rma t ion  o f  

The d e t a i l e d  flow s t r u c t u r e  o f  a g i v e n  j e t  i n c l u d i n g  a shape o f  j e t  

In t h e  

Under c e r t a i n  o p e r a t i o n a l  c o n d i t i o n s ,  Mach d i s c ( s )  may occur  

2 



E a r l y  computat ional  v i s c o u s  s o l u t i o n s  of t h e  n o z z l e  fiow f i e i d  region 

cons i s  ted o f  v i scous -  inv isc  i d  i n t e r a c t  ion  techniques c a l  l ed  patching m e t  hods 

( f o r  example ,  Refs.  1-3). The t echn iques  c o n s i s t  o f  d i v i d i n g  the  v a r i o u s  

v i s c o u s  and i n v i s c i d  r e g i o n s  of t h e  flow according t o  t h e  phys ica l  n a t u r e  and 

mathematical  behavior  o f  t h e  e q u a t i o n s  a p p l i c a b l e  t o  each r eg ion .  Each of 

t h e s e  r e g i o n s  w a s  then analyzed independently and was i t e r a t i v e l y  coupled 

us ing  a p p r o p r i a t e  matching c o n d i t i o n s  c o n s i s t e n t  with weak- in t e rac t ion  

theo ry .  Although t h e s e  s o l u t i o n s  gave r easonab le  r e s u l t s  f o r  s p e c i f i c  d a t a  

sets,  t h e  r e q u i r e d  matching l i m i t e d  the  use fu lness  o f  t h i s  method as a 

p r e d i c t i v e  technique.  It is q u i t e  n a t u r a l  to  c o n s i d e r  s o l v i n g  t h e  f u l l  

time-dependent, compress ib l e  Navier-Stokes e q u t t i o n s  as an a l t e r n a t i v e  

approach f o r  such a complex flow ( f o r  example, Refs. 4 - 5 ) .  However, t h e  

widely d i s p a r a t e  l e n g t h  scales and flow character is t ics  i n  t h e  v a r i o u s  

r e g i o n s  involved could lead t o  perhaps unacceptable  computer t i m e  and s t o r a g e  

r equ i r emen t s  i n  ach iev ing  t h e  results o f  adequate  r e s o l u t i o n ,  e s p e c i a l l y  i n  

t h r e e  dimensions.  I n  t h i s  s t u d y ,  i t  was decided t h a t  such a procedure should 

be  used o n l y  i f  no s u i t a b l e  a l t e r n a t i v e  e x i s t s ,  A compromise approach would 

posses s  t h e  g e n e r a l  three-dimensional ,  v i scous  n a t u r e  o f  t h e  Navier-Stokes 

e q u a t i o n s ,  b u t  would t ake  advantage of r e a l i s t i c  phys i ca l  approximations to  

Iiiiiit the ~ r m p c t e r  running t i m e  and s t o r a g e  r equ i r emen t s  a s s o c i a t e d  wi th  t h e  

s o l u t i o n  of t h e  complete three-dimensional Navier-Stokes e q u a t i o n s .  

During t h e  p a s t  t w o  decades much e f f o r t  has  been expended i n  deve lop ing  

such  numerical  procedures  which can be used as an a l t e r n a t i v e  t o  s o l v i n g  t h e  

f u l l  Navier-Stokes e q u a t i o n s  f o r  c e r t a i n  c l a s s e s  o f  problems. These 

procedures  t reat  a reduced form of the  s t eady  s ta te  Navier-Stokes e q u a t i o n s ,  

o f t e n  r e f e r r e d  t o  as t h e  pa rabo l i zed  Navier-Stokes e q u a t i o n s ,  as an i n i t i a l  

boundary va lue  problem t h a t  can b e  solved by s p a t i a l  forward marching. The 

a b i l i t y  to forward march t h e  governing equa t ions  f r a n  an i n i t i a l  streamwise 

l o c a t i o n  to some d e s i r e d  downstream l o c a t i o n  rGther  than perform a 

s imultaneous s o l u t i o n  o f  t h e  governing equa t ions  a t  a11 streamwise l o c a t i o n s ,  

as is  r e q u i r e d  f o r  t h e  s o l u t i o n  of t h e  f u l l  Navier-Stokes e q u a t i o n s ,  r e s u l t s  

i n  a c o n s i d e r a b l e  r e d u c t i o n  of computational t i m e .  Although t h e  amount o f  

r e d u c t i o n  w i l l  depend on the  problem cons ide red ,  t h e  e f f i c i e n c y  of t h e  

s o l u t i o n  procedures  and numerous o t h e r  v a r i a b l e s ,  t h i s  r e d u c t i o n  has been t h e  

primary mot iva t ion  f o r  the  development of marching procedures .  

3 



To dev i se  a set o f  governing e q u a t i o n s  s u i t a b l e  f o r  t he  s p a t i a l  forward 

marching of supe r son ic  f lows,  t h r e e  s t e p s  must be taken.  F i r s t ,  a nominally 

primary f l o w  d i r e c t i o n  must be i d e n t i f i e d .  Second, a c o o r d i n a t e  system m u s t  

be cons t ruc t ed  wi th  one of i t s  c o o r d i n a t e  d i r e c t i o n s  a l igned  wi th  the  pr imary 

flow d i r e c t i o n .  T h i r d ,  a l l  d i f f u s i o n  i n  the  primary f low d i r e c t i o n  must be 

neglected.  These s t e p s  when a p p l i e d  t o  t h e  s t e a d y  s ta te  Navier-Stokes 

equa t ions  produce a set o f  governing e q u a t i o n s  which is  weil posed f o r  t h e  

s p a t i a l  forward marching of supe r son ic  flows (e .g .  Ref. 6 ) .  The i n t r o d u c t i o n  

o f  no-slip s u r f a c e s  i n t o  a supe r son ic  flow u s u a l l y  r e s u l t s  i n  t h e  formation 

of embedded subsonic r e g i o n s  a d j a c e n t  t o  t h e s e  s u r f a c e s .  Also,  under c e r t a i n  

o p e r a t i n g  c o n d i t i o n s  o f  t h e  v e h i c l e  supe r son ic  flow c o e x i s t s  w i th  t h e  

subsonic  f l o w  as can  be found i n  t h e  case of supe r son ic  j e t  exhaust  i n t o  t h e  

subson ic  ambient flow. When the  set o f  reduced equa t ions  is  forward marched 

wi th  embedded or coflowing subsonic  r e g i o n s ,  tLe governing e q u a t i o n s  are no t  

w e l l  posed and hence t h e  s o l u t i o n  procedure may become u n s t a b l e .  

i n s t a b i l i t y ,  which is o f t e n  r e f e r r e d  t o  as t h e  branching phenomenon, has been 

t h e  s u b j e c t  of much r e s e a r c h  ( e . g .  Refs.  7-8) and the  t echn iques  used t o  

suppres s  t h i s  i n s t a b i l i t y  are a convenient  way t o  d i f f e r e n t i a t e  between 

procedures f o r  so lv ing  the  reduced form of t h e  Navier-Stokes e q u a t i o n s  f o r  

supersonic .  f low wi th  subsonic  r e g i o n s .  

area Garvine (Ref.  7)  demonstrated ( f o r  a model problem) t h e  e x i s t e n c e  of 

e x p o n e n t i a l l y  growing ( d i v e r g e n t )  terms i n  the  s o l u t i o n  of t h e  reduced form 

o f  the  Navier-Stokes e q u a t i o n s  when a p p l i e d  t o  a v i s c o u s  ( i n v i s c i d  supe r son ic  

flow i n t e r a c t i n g  with a v i s c o u s  boundary l a y e r )  i n t e r a c t i o n  problem. The 

a u t h o r  concluded t h a t  f o r  t h i s  problem t h e  reduced form of t h e  Navier-Stokes 

e q u t i o n s  was improperly set  as an i n i t i a l  v a l u e  problem, because the  

i n t e r a c t i o n  dynamics con ta ined  upstream " e l l i p t i c "  i n f l u e n c e .  In  t h e  model 

problem i f  t he  upstream c o n d i t i o n s  are not p r e c i s e l y  set t o  cause  t h e  

d i v e r g e n t  terms t o  be m u l t i p l i e d  by z e r o ,  t h e  e x p o n e n t i a l l y  growing terms 

w i l l  cause t h e  streamwise p r e s s u r e  g r a d i e n t  terms t o  grow e x p o n e n t i a l l y  l a r g e  

r e s u l t i n g  in  u n r e s t r a i n e d  a c c e l e r a t i o n  o r  d e c e l e r a t i o n  o f  t h e  flow. I n  

g e n e r a l  . it  is  not p o s s i b l e  t o  p i ck  the  upstream c o n d i t i o n s  t o  negate  t h e  

e x p o n e n t i a l l y  growing modes, hence s e v e r a l  i n v e s t i g a t o r s  have at tempted t o  

suppres s  the u n s t a b l e  (or branching)  behavior  by f u r t h e r  m o d i f i c a t i o n  of t h e  

reduced form of the  Navier-Stokes e q u a t i o n s  f o r  supe r son ic  flows with 

embedded subsonic r e g i o n s .  

T h i s  

I n  one of t h e  ear l ies t  works i n  t h i s  
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Much of t h e  e a r l y  work on the  s o l u t i o n  of t he  reduced form of t h e  

Navier-Stokes equa t ions  i s  based on the  work of Rudman and Rubin (Ref.  8 ) .  

Rudman and Rubin solved the  e q u a t i o n s  for t he  hypersonic  flow over s l e n d e r  

bod ie s  with s h a r p  l ead ing  edges.  Based on an o r d e r  o f  magnitude a n a l y s i s  

t h e y  demonstrated t h a t  f o r  t h i s  class o f  problems t h e  streamwise p r e s s u r e  

g r a d i e n t  term was n e g l i g i b l e  when compared wi th  t h e  i n e r t i a  and v i scous  terms 

o f  t h e  streamwise momentum equa t ion .  Neglect ing t h e  streamwise p r e s s u r e  

g r a d i e n t  term i n  t h i s  e q u a t i o n  prevented the branching behavior  i n  t h e i r  

c a l c u l a t i o n .  Although t h i s  approach does y i e l d  a set o f  equa t ions  t h a t  is  

w e l l  posed f o r  s p a t i a l  forward marching, its assumption o f  n e g l i g i b l e  

s t reamwise p r e s s u r e  g r a d i e n t  l i m i t s  t h e  ca ses  which can be  cons ide red .  I n  a 

la ter  work Lubard and H e l l i w e l l  (Ref. 9) proposed a method f o r  p reven t ing  

branching t h a t  involved e x p l i c i t  s p a t i a l l y  lagged e v a l u a t i o n  o f  t h e  

streamwise p r e s s u r e  g r a d i e n t  term. The above a u t h o r s  found t h a t  i n  a d d i t i o n  

t o  t h e  f r e q u e n t l y  encountered problem o f  i n s t a b i l i t y  a s s o c i a t e d  wi th  

exceeding some marching d i r e c t i o n  s t e p  size, a f u r t h e r  i n s t a b i l i t y  was 

encountered when t h e  s t e p  s i z e  was  reduced below some l i m i t .  By examining 

the  e i g e n v a l u e s  of a model set of equa t ions  (Ref .  12) they were a b l e  t o  

deve lop  a c r i t e r i o n  f o r  t h i s  minimum s t e p  s ize .  Numerical expe r imen ta t ion  

wi th  t h e i r  computer code aemonscraced reasonable c o r r z l a t i o n  with t h e i r  

c r i t e r i o n .  Seve ra l  test c a s e s  using t h i s  method have been s u c c e s s f u l l y  run  

(mainly f o r  cone flow c a s e s )  by t h e  au tho r s  of Ref. 9 and o t h e r s  

(Ref s .  13-14) and i n  t h e s e  cases e v i d e n t l y  t h e  r e s t r i c t i o n  on the  minimum 

marching s t e p  s i z e  w a s  not a problem i n  allowing s u f f i c i e n t l y  a c c u r a t e  

r e s u l t s  t o  b e  ob ta ined .  However, t h e  r e s t r i c t i o n  on minimum marching s t e p  

s i z e  is  i n  p r i n c i p l e  not a d e s i r a b l e  f e a t u r e .  S ince  i t  does prevent  

a r b i t r a r y  mesh r e f inemen t ,  and the reby  the a s s u r a n c e  t h a t  an a c c u r a t e  unique 

s o l u t i o n  has  been ob ta ined .  In  a t  least  one case (Ref.  9) t h i s  minimum s t e p  

s i z e  r e s t r i c t i o n  prevented the  s u c c e s s f u l  running of a case. In  a la ter  

t echn ique  developed by Vigneron, Rakich and T a n n e h i l l  (Ref. 10) a v a r i a n t  o f  

t h e  t echn ique  o f  Lubard and H e l l i w e l l  was used t o  p reven t  branching.  In  t h i s  

p a r t i c u l a r  v a r i a n t  t h e  streamwise p res su re  g r a d i e n t  term was eva lua ted  by an 

i m p l i c i t  backward d i f f e r e n c e  i n  t h e  supersonic  p o r t i o n  o f  t h e  flow. However, 

i n  t h e  subsonic  r eg ion  on ly  t h a t  p o r t i o n  of t h e  streamwise p r e s s u r e  g r a d i e n t  

t e r m  t h a t  could be included without causing branching w a s  e v a l u a t e d  

i m p l i c i t l y .  The s t a b i l i t y  a n a l y s i s  through t h e  i n v e s t i g a t i o n  of t h e  
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eigenvalues  of a model set of e q u a t i o n s  a l s o  produces a r e s t r i c t i o n  on the  

minimum al lowable s t e p  s i z e .  When t h a t  p o r t i o n  of t h e  subsonic  p r e s s u r e  

g r a d i e n t  excluded from the  i m p l i c i t  e v a l u a t i o n  is  e v a l u a t e d  e x p l i c i t l y  by a 

lagged technique similar t o  Lubard and H e l l i w e l l ,  t h e  i n v e s t i g a t o r s  noted 

t h a t  t he  scheme became u n s t a b l e .  Thus, i n  o r d e r  t o  ach ieve  s t a b i l i t y  t h i s  

technique neg lec t ed  the  e x p l i c i t  p o r t i o n  of t h e  streamwise p r e s s u r e  g r a d i e n t  

t e r m  i n  t h e  subsonic region.  S c h i f f  and S t e g e r  (Ref .  11) t r ea t  t h e  subsonic  

streamwise p r e s s u r e  g r a d i e n t  term by e i t h e r  a f i r s t -  o r  second-order 

streamwise e x t r a p o l a t i o n  technique i n  t h e  subsonic  r e g i o n s .  The f i r s t  o r d e r  

technique is e q u i v a l e n t  t o  setting t h e  steamwise p r e s s u r e  g r a d i e n t  term equa l  

t o  ze ro  in t h e  subsonic  r eg ion  while  t h e  second o r d e r  technique is  e q u i v a l e n t  

t o  t h e  e x p l i c i t  e v a l u a t i o n  of t he  streamwise p r e s s u r e  term ( a s  w a s  done by 

Lubard and H e l l i w e l l ) .  As w i t h  t h e  t w o  p r e v i o u s l y  d i s c u s s e d  t echn iques ,  

t h e s e  au tho r s  a l s o  r e p o r t  a r e s t r i c t i o n  on t h e  minimum marching s t e p  s i z e  

t h a t  they may t ake  and s t i l l  r e t a i n  a s t a b l e  c a l c u l a t i o n .  On t h e  o t h e r  hand, 

Rubin and Lin (Ref. 15) have developed a g l o b a l  r e l a x a t i o n  procedure f o r  

s o l v i n g  t h e  reduced form of t h e  Navier-Stokes e q u a t i o n s .  This  t echn ique  w a s  

p r i m a r i l y  developed f o r  a p p l i c a t i o n  t o  cases where upstream i n f l u e n c e  i s  

s t r o n g .  To o b t a i n  the  upstream i n f l u e n c e  with t h e  reduced form of t h e  

Navier-Stokes equa t ions  r e q u i r e s  a g l o b a l  i t e r a t i o n  o r  r e l a x a t i o n  procedure.  

The above a u t h o r s  do t h i s  by approximating t h e  streamwise p r e s s u r e  g r a d i e n t  

t e r m  by a forward d i f f e r e n c e .  When march ing- the  s o l u t i o n  from the  ith t o  

t h e  i + l s t  s t a t i o n  t h e  p r e s s u r e  g r a d i e n t  term 'is e v a l u a t e d  i n  terms o f  t h e  

p r e s s u r e  a t  t h e  i+lst ( c u r r e n t )  and i+2nd (unknown) s t a t i o n  ( i + l s t  

s t a t i o n  i s  t h e  i m p l i c i t  s t a t i o n ;  a l l  o t h e r  streamwise d e r i v a t i v e s  are 

backward d i f f e r e n c e d  between i+l and i ) .  I n i t i a l l y  t h e  p r e s s u r e  a t  t h e  

unknown i+2nd s t a t i o n  i s  guessed; d u r i n g  subsequent  g l o b a l  i t e r a t i o n s  t h e  

p r e v i o u s l y  c a l c u l a t e d  v a l u e  is  used. Global i t e r a t i o n  of t h e  governing 

e q u a t i o n s  is  cont inued u n t i l  t h e  s o l u t i o n  converges.  Rubin and Lin r e p o r t  

t h a t  convergence is t y p i c a l l y  ob ta ined  i n  f i v e  t o  t e n  i t e r a t i o n s  f o r  cases 

wi th  s m a l l  streamwise p r e s s u r e  g r a d i e n t s  ( c a s e s  run to d a t e  have been l i m i t e d  

t o  f low over cones ) .  The a u t h o r s  a l s o  r e p o r t  t h a t  t h e r e  i s  no minimum 

marching s t e p  s i z e  requirement with t h e i r  approach.  

The supersonic  j e t  exhausted from a nozz le  is e s s e n t i a l l y  t u r b u l e n t  and 

has  a s s o c i a t e d  with i t  l a r g e  streamwise p r e s s u r e  g r a d i e n t s ,  e .g . ,  t u r b u l e n t  

mixing layer  i n t e r a c t i n g  with m u l t i p l e  shock wave-cells.  It is  expected t h a t  

one would desire  t o  take a s m a l l  streamwise marching s t e p  to  a c c u r a t e l y  
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r e s o l v e  t h e  phenomenon, f o r  exampie, t h e  nea r - f i e ld  piume-mixing 

i n t e r a c t i o n s .  

A s  reviewed above, t he  methods of R e f s .  8-11 a l l  make an a t t empt  t o  

c o n s i d e r  t h e  e f f e c t s  of streamwise p res su re  g r a d i e n t  i n  t h e  embedded subson ic  

r e g i o n s .  However, t h e y  g i v e  on ly  an approximate t r ea tmen t  to t h i s  p o s s i b l y  

dominant te-rm, and a l l  of t hose  methods have a minimum marching s t e p  s i z e  

l i m i t a t i o n  which, i n  the  cases of i n t e r e s t  i n  t h i s  s t u d y ,  may no t  e i t h e r  

a l low f o r  an  a c c u r a t e  o r  i n  some c a s e s  even a minimally a c c e p t a b l e  s o l u t i o n .  

Although t h e r e  i s  no minimum marching s t e p  s i z e  requirement  w i th  the  g l o b a l  

r e l a x a t i o n  procedure developed by Rubin and L in  (Ref. 15), t h e  computat ion 

t i m e  would i n c r e a s e  c o n s i d e r a b l y  i n  more complex f low s i t u a t i o n s .  I f  t he  

number o f  i t e r a t i o n s  were t o  i n c r e s e  much beyond the  f i v e  t o  t en  i t e r a t i o n s  

i t  took t o  converge a small streamwise p re s su re  g r a d i e n t  case, t h e  

computation t i m e  would then become comparable to t h a t  r e q u i r e d  f o r  a s o l u t i o n  

o f  t h e  f u l l  Navier-Stokes e q u a t i o n s .  

Hence, a n o n i t e r a t i v e  approach is  sought w i th  a consequent r e d u c t i o n  i n  

computer cost  r e l a t i v e  t o  e i t h e r  t h e  g loba l  i t e r a t i o n  approach t o  s o l v i n g  t h e  

reduced Navier-Stokes equa t ions  o r  s o l u t i o n  o f  t he  f u l l  Navier-Stokes 

e q u a t i o n .  F u r t h e r  as a p r e r e q u i s i t e  it i s  r e q u i r e d  t h a t  t h e r e  ex is t  no 

numerical  l i m i t a t i o n  on t h e  minimmu m a r c h i n g  s t e p  and i t  is  d e s i r e d  t o  keep 

t o  a minimum any approximation t o  the  streamwise p r e s s u r e  g r a d i e n t  term. 

Such an approach which meets t h e s e  requirements  has been developed by 

t h e  p r e s e n t  a u t h o r s  as r epor t ed  elsewhere (Ref .  1 6 ) .  A d e t a i l e d  e x p l a n a t i o n  

of t he  techniques w i l l  be p re sen ted  i n  the nex t  a n a l y s i s  s e c t i o n .  Unlike 

o t h e r  n o n i t e r a t i v e  methods, t he  streamwise p r e s s u r e  g r a d i e n t  t e r m  is 

maintained and eva lua ted  by an i m p l i c i t  backward d i f f e r e n c e  i n  t h e  s u p e r s o n i c  

as w e l l  as t h e  subsonic  r eg ion .  However, approximations were made on bo th  

t h e  normal ( t o  t h e  w a l l  u s u a l l y )  momentm and c o n t i n u i t y  e q u a t i o n  i n  t h e  

subson ic  r e g i o n ( s )  t o  suppres s  t h e  branching behavior  of s o l u t i o n .  I n  t h e  

( t h i n )  subson ic  flow r e g i o n ,  t h e  normal momentm e q u a t i o n  is  approximated by 

t h e  c o n v e n t i o n a l  boundary l a y e r  f o r m  of t h a t  e q u a t i o n ,  and t h e  c o n t i n u i t y  

e q u a t i o n  i s  approximated by i n t e g r a t i n g  the c o n t i n u i t y  e q u a t i o n  f r a n  t h e  w a l l  

t o  an a r b i t r a r y  p o i n t  i n  the  subsonic port ion of t h e  boundary l a y e r .  T h i s  

approximation o f  c o n t i n u i t y  e q u a t i o n  i s  a major d i f f e r e n c e  between t h e  
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p r e s e n t  technique and o t h e r  n o n i t e r a t i v e  methods. As d i s c u s s e d  i n  Ref. 16, 

numerical  expe r imen ta t ion  with v a r i o u s  cases i n d i c a t e s  no r e s t r i c t i o n  on t h e  

minimum s t e p  s i z e .  Thus, an a c c u r a t e  r e s o l u t i o n  of t h e  flow f i e l d s  has  been 

s u c c e s s f u l l y  ob ta ined  without  being l i m i t e d  by t h e  requirement  o f  minimum 

s t e p  s i z e .  S ince  no approximations were made on t h e  streamwise p r e s s u r e  

g r a d i e n t  term, t h e  p r e d i c t i o n s  f o r  t h e  flow f i e l d  under t h e  c o n d i t i o n  o f  

non-negl igible  streamwise p r e s s u r e  g r a d i e n t  agreed v e r y  w e l l  w i th  t h e  d a t a  as 

d i scussed  i n  Ref. 16. 

Thus, a p p l i c a t i o n  of t h i s  approach t o  t h e  a n a l y s i s  of s t e a d y  

three-dimensional supe r son ic  j e t  i n t e r a c t i n g  wi th  an ambient f low w a s  a major 

concern i n  t h i s  s tudy .  The flow f i e l d  c a l c u l a t i o n  by t h e  e x i s t i n g  computer 

program, c a l l e d  P E P S I S ,  w a s  l i m i t e d  t o  a computat ional  domain wi thou t  any 

embedded s o l i d  o b j e c t s  except  f o r  the  w a l l  boundary. Thus, t h e  f i r s t  t a s k  of 

t h i s  study was to  extend a c a p a b i l i t y  of P E P S I S  so t h a t  t h e  f low f i e l d  could 

b e  analyzed i n  a computat ional  domain wi th  one or more embedded s o l i d  bodies  

such as nozzle w a l l s .  The extended P E P S I S  computer program, which i s  c a l l e d  

PEPSIN,  i s  t h e  same as PEPSIS  as f a r  as i t s  b a s i c  assumptions and 

approximations are concerned. One of t h e  b a s i c  assumptions f o r  P E P S I S  

approach was the  t h i n n e s s  o f  subsonic l a y e r  w i t h i n  a boundary l a y e r .  As a 

r e s u l t  o f  t h i s  assumption, approximations were made on t h e  governing 

e q u a t i o n s  w i t h i n  t h i s  t h i n ,  subsonic  l a y e r  based on t h e  fundamental 

p r o p e r t i e s  of a boundary l a y e r .  However, a n a l y s i s  of s u p e r s o n i c  j e t  

i n t e r a c t i o n s  under c e r t a i n  low c o n d i t i o n s  i s  expected t o  encoun te r  subsonic  

r e g i o n s  of a d i f f e r e n t  n a t u r e .  One of such subsonic  r e g i o n s  may be p r e s e n t  

when a Mach d i s c  appea r s  i n  the  j e t .  Another type of subsonic  r e g i o n  may be 

encountered when a supe r son ic  j e t  exhaus t s  i n t o  an ambient subson ic  stream. 

F i r s t  of a l l ,  t h e s e  two k inds  of subsonic  r e g i o n s  may no t  be n e c e s s a r i l y  

t h i n .  Furthermore,  s i n c e  t h e s e  subsonic  r e g i o n s  are not  l o c a t e d  i n  t h e  

v i c i n i t y  of a w a l l  boundary, approximations based on boundary layer 

p r o p e r t i e s  become ques t ionab le .  The re fo re ,  i t  w a s  decided t o  exc lude  such 

subson ic  regions from c o n s i d e r a t i o n  i n  the  p r e s e n t  s tudy .  Those subsonic  

r e g i o n s  require  f u r t h e r  separate i n v e s t i g a t i o n s  be fo re  they  can  be 

inco rpora t ed  i n  t h e  PEPSIN approach. Thus,  as w i l l  be d i s c u s s e d  l a t e r ,  test  

c a s e s  considered i n  the  p re sen t  c a s e  were l i m i t e d  t o  t h e  a n a l y s i s  of a 

supe r son ic  j e t  i n t e r a c t i n g  with supe r son ic  e x t e r n a l  stream. 
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Two o t h e r  i n v e s t i g a t o r s  have u t i 1  ized forward marching t echn iques  t o  

s o l v e  t h e  j e t / e x t e r n a l  f low i n t e r a c t i o n s .  F i r s t ,  Dash and co-workers 

(Ref s .  17 and 18) developed an e x p l i c i t  s p a t i a l  marching method t o  p r e d i c t  

bo th  t h e  i n v i s c i d  plume s t r u c t u r e  and t h e  v i s c o u s  mixing l a y e r .  The i r  

approach employs a multiple-domain s o l u t i o n  a lgo r i thm t o  s o l v e  a reduced form 

of the  Navier-Stokes e q u a t i o n s .  The i r  approach has  been p r i m a r i l y  a p p l i e d  t o  

t h e  two-dimensional axisymmetric cases, although they  p r e s e n t e d  some r e s u l t s  

f o r  nonaxisymmetric three-dimensional cases ( r e c t a n g u l a r  c r o s s  s e c t i o n s  o f  

v a r i o u s  a s p e c t  r a t i o s )  i n  a r e c e n t  paper (Ref.  19). However, t h e  marching 

s t e p  s i z e  i n  t h e i r  procedure i s  l i m i t e d  by numerical  s t a b i l i t y  c o n d i t i o n s  o f  

e x p l i c i t  schemes. On t h e  other hand, Vatsa and h i s  co-workers (Ref.  18) 

developed a method t o  s o l v e  the  problem of a s l i g h t l y  underexpanded 

supe r son ic  j e t  i n  a subsonic  co-flowing mainstream. F i r s t ,  t h e y  so lved  t h e  

i n v i s c i d  problem which w a s  formulated i n  terms of l i n e a r i z e d  p e r t u r b a t i o n  

p o t e n t i a l s  t o  estimate the  s t r e a m l i n e  c u r v a t u r e .  Then they  ob ta ined  

governing e q u a t i o n s  o f  p a r a b o l i c  type through t h e  use o f  an approxiamte 

i n v i s c i d  f low i n t r i n s i c  c o o r d i n a t e  system. The i r  s o l u t i o n  based on a 

marching technique produces t h e  c l a s s  of weak i n t e r a c t i o n s  wherein t h e  

v i scous  i n t e r a c t i o n  has a fo rma l ly  second-order e f f e c t .  In t h i s  approach,  

pr&icti=:: =f s t r e m l l n e  ~ n r v z t i x e ~  in g e n e r a l ,  may become as d i f f i c u l t  as 

t h e  v i s c o u s  problem i f  t h e  d i f f e r e n c e  between j e t  and e x t e r n a l  f low 

c o n d i t i o n s  become large o r  i f  t he  problem is three-dimensional .  A d i f f i c u l t y  

may a r i se  a l s o  i f  t h e  v i s c o u s  e f f e c t s  become s i g n i f i c a n t  and have a s t r o n g  

i n f l u e n c e  on t h e  secondary flow. 

The p r e s e n t  s t u d y  is concerned with t h e  a p p l i c a t i o n  o f  an  i m p l i c i t  

forward marching procedure f o r  t h e  reduced form o f  t h e  Navier-Stokes 

e q u a t i o n s  (Ref.  16) to  the  three-dimensional a n a l y s i s  o f  supe r son ic  j e t  flow 

interact ing wi th  a co-flowing stream. The approach is  n o n i t e r a t i v e  and is  

no t  l i m i t e d  by a minimum s t e p  s i z e  c r i t e r i o n .  Furthermore,  being i m p l i c i t  

t h e  m a x i m u m  a l lowab le  s t e p  size i s  expected t o  exceed t h a t  of e x p l i c i t  

methods by a s i g n i f i c a n t  amount. The remainder of t h i s  r e p o r t  w i l l  c o n s i s t  

of (1) a d i s c u s s i o n  o f  t h e  a n a l y s i s  used i n  t h e  s t u d y ,  ( 2 )  a d i s c u s s i o n  o f  

t h e  s o l u t i o n  o f  t he  governing e q u a t i o n s ,  ( 3 )  t he  r e su l t s  o f  a series of test  

cases run t o  demons t r a t e  t he  a p p l i c a b i l i t y  of t h e  a n a l y s i s  and t o  e x e r c i s e  

and t o  v a l i d a t e  t h e  r e s u l t i n g  computer code and (4) a User's Manual f o r  t h e  

computer code, termed PEPSIN. 
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Governing Equat ions 

The s t eady  state f l u i d  dynamic conserva t ion  l a w s  of mass, momentum and 

energy r e s p e c t i v e l y  can be w r i t t e n  i n  nondimensional v e c t o r  form as 

v . p T i =  0 

v* T e- 

V . ( p V V ) + V P - - = O  
Re 

and 

This  form of the governing equa t ions ,  o f t en  r e f e r r e d  t o  as t h e  f u l l  

Navier-Stokes equa t ions ,  r e q u i r e s  s e v e r a l  a u x i l i a r y  r e l a t i o n s  and models 

be fo re  t h e s e  equa t ions  can be so lved .  I n  t h i s  s tudy  t h e  s t a g n a t i o n  en tha lpy ,  

ho, is r e l a t e d  t o  t h e  s ta t ic  tempera ture ,  T, and the  v e l o c i t y  V, through t h e  
-* 

-- r d a t i t n s h i p  (assudng a ~ l l e r i c s l l y  p e r f e c t  gas  1 - -  
v - v  

h, = CpT +F (4) 

whi le  t h e  tempera ture ,  T, p r e s s u r e  P, and d e n s i t y ,  P, are r e l a t e d  by means of 

t h e  c a l o r i c a l l y  p e r f e c t  gas equa t ion  of state 

P = Y - l C  PP T 
Y 

The stress t e n s o r ,  T, is rep resen ted  by the r e l a t i o n s h i p  

( 5 )  

where the  s u p e r s c r i p t  T r e f e r s  t o  t h e  t ranspose  of t h e  t e n s o r .  The 

components of t h e  v e l o c i t y  vec to r ,  V, a re  i n t e r p r e t e d  a s  t he  mass weighted 

mean v e l o c i t y  components and p ,  P and T are t h e  ensemble-averaged 

-b 
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d e n s i t y ,  p r e s s u r e  and temperature  (Ref .  21) .  Hence, t h e s e  e q u a t i o n s  can be 

a p p l i e d  to both laminar and t u r b u l e n t  f lows i f  t he  e f f e c t i v e  v i s c o s i t y ,  p, i s  

i n t e r p r e t e d  as t h e  sum of t h e  l amina r ,  pg, and t u r b u l e n t ,  h, 
v i s c o s i t i e s ,  i .e . ,  

It i s  assumed t h a t  t he  laminar v i s c o s i t y  can be computed from S u t h e r l a n d ' s  

l a w  and t h a t  the  laminar and t u r b u l e n t  P r a n d t l  numbers, P r g  and PrT are 

c o n s t a n t .  For t h i s  s tudy  an a l g e b r a i c  mixing l e n g t h  tu rbu lence  model of t h e  

form 

w a s  used where Rm is  t h e  a l g e b r a i c  mixing l e n g t h  and D:D is t h e  second 

i n v a r i a n t  of t he  mean flow rate  of de fo rma t ion  t e n s o r  (Ref .  2 2 ) .  I n  t h i s  

s t u d y  t h e  m i x i n g  l e n g t h  of McDonald and Camarata (Ref.  23) w a s  used. 

where 6b i s  t he  l o c a l  boundary l a y e r  t h i c k n e s s ,  K i s  t h e  von Karman 

c o n s t a n t ,  y is t h e  d i s t a n c e  t o  the  n e a r e s t  w a l l ,  and 3 is t h e  s u b l a y e r  

damping term of van Driest (Ref .  24).  

.. 

To ob ta in  what is o f t e n  r e f e r r e d  t o  as t h e  reduced form o r  t h e  

' pa rabo l i zed '  form of the  Navier-Stokes e q u a t i o n s  i n v o l v e s  approximation of 

t h e  d i f f u s i o n  terms ( b o t h  stress and F o u r i e r  heat  conduct ion)  of E q s .  ( 2 ) ,  

( 3 )  and ( 6 ) .  This  approximation n e g l e c t s  a l l  d e r i v a t i v e s  of t h e  stress 

t e n s o r  and t h e  F o u r i e r  hea t  conduct ion terms i n  a s e l e c t e d  'marching'  o r  

' s t reamwise '  d i r e c t i o n .  I n  a d d i t i o n  a l l  streamwise d e r i v a t i v e s  of t h e  

v e l o c i t y  components o f  t he  stress t enso r  are n e g l e c t e d .  

Hence, t h e  g e n e r a l  reduced form of Eqs. ( 2 )  and ( 3 )  can be r e c a s t  as 



where t h e  s u b s c r i p t  R r e f e r s  t o  t h e  approximated or reduced form o f  the  noted 

term. 

The reduced form of the  Navier-Stokes e q u a t i o n s ,  Eqs. ( 1 )  , (10) and (11 )  

i s  t h e  s t a r t i n g  p o i n t  f o r  t he  d i s c u s s i o n  of t h e  governing e q u a t i o n s  t o  be  

used f o r  t h i s  s tudy .  As d i scussed  i n  d e t a i l  i n  Ref. ( 1 6 ) ,  t h i s  set  of 

e q u a t i o n s  i s  not  well posed f o r  s o l u t i o n  by s p a t i a l  forward marching when 

a p p l i e d  t o  t h e  class of problems considered i n  t h i s  s tudy ,  i .e . ,  supe r son ic  

f low wi th  embedded subsonic l a y e r s .  In t h i s  i n v e s t i g a t i o n ,  t h e  same 

s t r a t e g y  as i n  Ref. (16) was adopted.  The f low i s  d i v i d e d  i n t o  supe r son ic  

and subsonic  flow r e g i o n s  and d i f f e r e n t  s e t s  o f  governing e q u a t i o n s  are 

u t i l i z e d  i n  each r eg ion .  The reduced form of  t h e  Navier-Stokes e q u a t i o n s  

i n  the  supe r son ic  r e g i o n ( s )  of t h e  flow and what can be cons ide red  t o  be a 

model set of e q u a t i o n s  i n  t h e  subsonic  r e g i o n ( s )  are u t i l i z e d .  The model set  

of e q u a t i o n s  used i n  the  subsonic  r e g i o n ( s )  is  ob ta ined  by s t a r t i n g  with t h e  

reduced form of t h e  Navier-Stokes equa t ion  and making a p p r o p r i a t e  phys i ca l  

approximations i n  t h i s  r eg ion  such t h a t  t h e  coupled system of e q u a t i o n s  i n  

bo th  supe r son ic  and subsonic  flow are s t a b l e  when solved as an i n i t i a l  v a l u e  

problem i n  space.  There are s e v e r a l  important f e a t u r e s  o f  t h e  subsonic  model 

set of governing e q u a t i o n s .  F i r s t ,  no approximation is  made t o  e i t h e r  t h e  

streamwise or t h e  t a n g e n t i a l  momenta e q u a t i o n s ,  and second, t h e  t e r m s  

t a n g e n t i a l  and normal r e f e r  to some adjacent  s o l i d  s u r f a c e .  Hence, t h e  f u l l  

e f f e c t  o f  t h e  p r e s s u r e  g r a d i e n t  t e r m s  w i l l  be f e l t  i n  bo th  the  streamwise and 

t a n g e n t i a l  d i r e c t i o n  of t he  subsonic  p o r t i o n  of t h e  flow. The assumption 

needed t o  modify t h e  normal momentum and c o n t i n u i t y  e q u a t i o n s  i n  t h e  subsonic  

r e g i o n s  is  t h e  r e l a t i v e l y  u n r e s t r i c t i v e  cond i t ion  t h a t  t h e  subsonic  l a y e r  i s  

t h i n  re la t ive  t o  t h e  c h a r a c t e r i s t i c  t r a n s v e r s e  dimension o f  t h e  f low d e v i c e .  

For t h e  c a s e  of an impermeable w a l l  t h i s  l e a d s  t o  t h e  c o n d i t i o n  t h a t  w i t h i n  

t h e  v i s c o u s  subsonic  l a y e r  the  normal v e l o c i t y  component is n e g i i g i b l e .  The 

importance of t h e  s p e c i f i c a t i o n  of t h e  normal v e l o c i t y  i s  t h a t  a mechanism 

can now be e s t a b l i s h e d  t o  prevent the  growing 

I 

I 
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mode caused by t h e  i n t e r a c t i o n  between the  subsonic  and supe r son ic  l a y e r s ,  

i . e . ,  t h e  branching phenomenon. Th i s  approximation can be ob ta ined  by 

i n t e g r a t i n g  the  c o n t i n u i t y  e q u a t i o n  from t h e  w a l l  t o  an a r b i t r a r y  p o i n t  i n  

t h e  subsonic p o r t i o n  of t h e  boundary l a y e r  Xs. Thus, 

where t h e  s u b s c r i p t s  n and T r e f e r  t o  t h e  c r o s s f l o w  d i r e c t i o n  normal and 

t a n g e n t i a l  to t h e  wal ls ,  s r e f e r s  to t h e  e v a l u a t i o n  a t  t h e  a r b i t r a r y  po in t  i n  

t h e  subsonic r eg ion ,  and t h e  s u b s c r i p t  W r e f e r s  t o  the  e v a l u a t i o n  a t  the  

w a l l .  R e s t r i c t i n g  our a t t e n t i o n  t o  flows where t h e  subsonic  r e g i o n  is  

s u f f i c i e n t l y  t h i n  al lows t h e  i n t e g r a l  i n  Eq. ( 1 2 )  to be neg lec t ed  and hence 

t h i s  equa t ion  can  be approximated by 

A s  mentioned above, f o r  t h e  c a s e  o f  an impermeable w a l l  Eq. (13) f u r t h e r  

r educes  t o  

A s  a consequence of t h e  t h i n  subsonic  l a y e r  assumption, t h e  normal ( t o  t h e  

w a l l )  momentum e q u a t i o n  then can be expressed as a ba lance  o n l y  between t h e  

normal p re s su re  g r a d i e n t  and the  c e n t r i f u g a l  ( c u r v a t u r e )  f o r c e s  i n  t h e  

subson ic  l aye r .  For example, i n  g e n e r a l  o r thogona l  c o o r d i n a t e s ,  

X i ,  Xp,  and X3 w i t h  corresponding metric c o e f f i c i e n t s  h i ,  h p  and h 3  and 

v e l o c i t y  components w l ,  wp and w 3  t h i s  e q u a t i o n  i s  expressed as 

where Xn and XT r e s p e c t i v e l y  r e f e r s  t o  t h e  a p p r o p r i a t e  c r o s s - s e c t i o n a l  

d i r e c t i o n  normal and t a n g e n t i a l  t o  t he  w a l l  ( n  and T have v a l u e s  o f  2 o r  3 ;  

d i r e c t i o n  1 is t h e  nominally streamwise d i r e c t i o n ) .  I n  summary, t h e  new set 
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of  governing e q u a t i o n s  c o n s i s t i n g  of t h e  reduced form of the Navier-Stokes 

e q u a t i o n s  i n  t h e  supe r son ic  p o r t i o n  of the flow and t h e  model set o f  

e q u a t i o n s  i n  t h e  subsonic  r eg ions  o f  t h e  f l o w  (Eq. 13 i n s t e a d  of c o n t i n u i t y  

e q u a t i o n  and Eq. 15 f o r  t h e  normal momentun e q u a t i o n )  has ,  on t h e  bases  o f  

numerical  expe r imen ta t ion  (Ref .  16), been found t o  be w e l l  posed f o r  s o l u t i o n  

by s p a t i a l  forward marching f o r  a wide range of p r a c t i c a l  problems. 

I n i t i a l  and Boundary Cond i t ions  

To uniquely d e f i n e  t h e  problem of interest it is  necessa ry  t o  s p e c i f y  

bo th  i n i t i a l  and boundary c o n d i t i o n s .  For a s p a t i a l  forward marching 

procedure,  t h e  i n i t i a l  c o n d i t i o n s  r e f e r  to t h e  set  of c o n d i t i o n s  t h a t  must be 

s p e c i f i e d  a t  t h e  i n i t i a l  marching s t a t i o n .  Boundary c o n d i t i o n s  must be set 

on the  boundaries  o f  t h e  c r o s s - s e c t i o n a l  marching p l ane .  For t h e  c a l c u l a t i o n  

of t h e  supe r son ic  j e t  flow i n t e r a c t i n g  with t h e  coflowing stream, in fo rma t ion  

must ex i s t  a t  an i n i t i a l  plane such that  a r e a s o n a b l e  approximation t o  a 

complete set of i n i t i a l  d a t a  can  be  c o n s t r u c t e d .  In  i t s  most pure form t h i s  

would be an  i n i t i a l  p l ane  where experimental  or computat ional  d a t a  w a s  

a v a i l a b l e  such t h a t  a l l  t h e  i n i t i a l  c o n d i t i o n s  were known and c o n s i s t e n t  w i th  

t h e  c o n s t i t u t i v e  r e l a t i o n s .  I n  g e n e r a l ,  au tomat i c  g e n e r a t i o n  of i n i t i a l  

, 

- - - C ' l a n  p L V L i L F . U  LS - 2°C s t r a i g h t f o r w a r d  f o r  t h e  p re sen t  type o f  flow. However, i f  

t h e  f low is  two-dimensional, a l i m i t e d  automation is  p o s s i b l e .  Usua l ly  a 

l i m i t e d  amount of i n fo rma t ion  i s  available,  where, f o r  i n s t a n c e ,  f r e e s t r e a m  

c o n d i t i o n s  with a boundary l a y e r  t h i ckness  and a s k i n  f r i c t i o n  c o e f f i c i e n t  on 

t h e  nozzle  s u r f a c e  might be known. I n  t h i s  case, a t h e o r e t i c a l  boundary 

l a y e r  p r o f i l e  of t h e  p e r t i n e n t  v a r i a b l e s  ( v e l o c i t y  components, t empera tu re ,  

p r e s s u r e ,  e t c . )  can  o f t e n  be de r ived  and matched wi th  t h e  flow o u t s i d e  t h e  

boundary l a y e r .  Ana lys i s  of t h e  c h a r a c t e r i s t i c s  o f  t h e  supe r son ic  

three-dimensional Eu le r  e q u a t i o n  shows t h a t  t h e r e  are f i v e  c h a r a c t e r i s t i c s  

e n t e r i n g  the  upstream boundary o f  t h e  computat ional  domain. It i s  argued 

t h a t  t h e  reduced form of t h e  Navier-Stokes e q u a t i o n s  used he re  would not  

r e q u i r e  more boundary c o n d i t i o n s  than  t h e  Eu le r  e q u a t i o n s  and t h i s  c e r t a i n l y  

appea r s  r easonab le  a t  v e r y  high Reynolds numbers f a r  from t h e  s o l i d  w a l l s .  

Thus, i t  is argued t h a t  f i v e  c o n d i t i o n s  must be set  on t h e  in f iow boilndary. 

In  t h i s  s tudy  those  c o n d i t i o n s  are chosen as t h e  t h r e e  v e l o c i t y  components, 

t h e  p r e s s u r e  and the  temperature .  It is t o  be emphasized t h a t  t h e  i n i t i a l  
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cond i t ions  m u s t  i n  some sense  be c o n s i s t e n t  w i t h  t h e  governing e q u a t i o n s  i n  a 

hyperbolic s y s t e m .  In supe r son ic  flow computations i n c o n s i s t e n c i e s ,  

p e r t u r b a t i o n s ,  e t c .  can persist  f a r  downstream. 

As used i n  t h i s  i n v e s t i g a t i o n  t h e  boundary c o n d i t i o n s  u t i l i z e d  on t h e  

boundaries  of t h e  c r o s s - s e c t i o n a l  p l ane  can be d i v i d e d  i n t o  three c a t e g o r i e s :  

(1 )  w a l l  c o n d i t i o n s ,  (2) symmetry c o n d i t i o n s  and ( 3 )  e x t e r n a l  flow 

c o n d i t i o n s .  Ana lys i s  o f  t h e  charac te r i s t ics  o f  t h e  boundary l a y e r  e q u a t i o n s  

shows tha t  four  c o n d i t i o n s  must be s p e c i f i e d  on w a l l s .  Arguing t h a t  i n  t h e  

l i m i t  as the  p r e s e n t  system approaches t h e  w a l l  it should approximate t h e  

boundary l a y e r  e q u a t i o n s ,  t he  s a m e  fou r  c o n d i t i o n s  are used here. For t h i s  

s t u d y  t h e  n o - s l i p  c o n d i t i o n s  are used f o r  t h e  streamwise and t a n g e n t i a l  c r o s s  

p l ane  v e l o c i t y  components, i . e . ,  

w,  = 0 (16)  

and 

WT = 0 (17)  

where again t h e  s u b s c r i p t  1 r e f e r s  to t h e  streamwise d i r e c t i o n  and t h e  

s u b s c r i p t  T r e f e r s  t o  t h e  cross p lane  t a n g e n t i a l  v e l o c i t y  d i r e c t i o n .  For t h e  

c r o s s  plane normal v e l o c i t y  component e i t h e r  t h e  normal v e l o c i t y  or t h e  

normal mass f l u x  a r e  s p e c i f i e d ,  i . e . ,  

w, = w w  (18 )  

or 

where the  s u b s c r i p t  W refers t o  t h e  w a l l  v a l u e  ( s p e c i f i e d ) .  The f o u r t h  

c o n d i t i o n  ( t h e  thermal c o n d i t i o n )  used i s  t o  e i t h e r  s p e c i f y  an a d i a b a t i c  w a l l  
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o r  t o  s p e c i f y  t h e  w a l l  temperature  ( a  coid o r  hoc w a i i ; .  The condi t iz r?  cer? 

be s p e c i f i e d  r e s p e c t i v e l y  as 

T = T,,,, (21)  

+ 
where i n  t h i s  case nw r e p r e s e n t s  t h e  u n i t  v e c t o r  normal t o  t h e  w a l l .  I n  

a d d i t i o n ,  a f i f t h  c o n d i t i o n ,  no t  r e q u i r e d  by t h e  c h a r a c t e r i s t i c  a n a l y s i s ,  i s  

used to close the  set o f  equa t ions .  The need f o r  t h i s  f i f t h  c o n d i t i o n  could 

be  removed by t h e  use o f  one-sided d i f f e r e n c i n g  or by app ly ing  one of t h e  

governing e q u a t i o n s  a t  the  w a l l .  I n  t h i s  s tudy  f o r  convenience the  second 

method w a s  used and t h e  boundary l a y e r  approximation to t h e  normal momentum 

e q u a t i o n  w a s  app l i ed  a t  the  wal l .  This can be expressed as 

-c 

nw - V P = O  (22) 

S t u d i e s  nave ind ica ted  that there is Little d i f f e r e n c e  between using t h i s  

e q u a t i o n  and the  nonapproximated normal momentum e q u a t i o n .  

The symmetry c o n d i t i o n s  are meant t o  be a p p l i e d  on a p l ane  o r  a x i s  o f  

symmetry. The v e l o c i t y  c o n d i t i o n s  used r e q u i r e  t h a t  t he  c r o s s  p l ane  v e l o c i t y  

component normal t o  t h e  a x i s  o r  plane of symmetry e q u a l s  z e r o ,  i . e . ,  

- c -  

n , . V = O  ( 2 3 )  

where ns i s  t h e  u n i t  v e c t o r  normal t o  the axis or p l ane  o f  symmetry and 

t h a t  t h e  f i r s t  d e r i v a t i v e s  of t he  remaining two v e l o c i t y  components equa l  

ze ro .  Two o t h e r  c o n d i t i o n s  must be set on t h e  a x i s  o r  p l ane  of symmetry. 

Usua l ly  t h e  symmetry c o n d i t i o n s  on pressure and t empera tu re  are used, v i z .  
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and 

ns . V T  = 0 (25 )  

The f i n a l  category o f  boundary c o n d i t i o n s  used i n  t h i s  i n v e s t i g a t i o n  is  t h e  

boundary c o n d i t i o n s  t o  be used on what can  be cons ide red  to  be e x t e r n a l  

s u r f a c e s .  S p e c i f i c a l l y  t h e s e  boundary c o n d i t i o n s  are meant t o  be used on t h e  

e x t e r n a l  boundary of t h e  coflowing ambient stream. In  t h i s  case a set o f  

boundary c o n d i t i o n s  t h a t  w i l l  al low a l l  d i s t u r b a n c e s  which o r i g i n a t e  from 

w i t h i n  the computat ional  domain t o  pass  through t h e  boundary without  s p u r i o u s  

r e f l e c t i o n .  The technique used i n  t h i s  i n v e s t i g a t i o n  is based on the  concept  

t h a t  i n  a s i m p l e  wave r eg ion  the  flow p r o p e r t i e s  remain c o n s t a n t  along Mach 

l i n e s .  Thus  t h e  f irst  d e r i v a t i v e s  of t h e  f low v a r i a b l e s  i n  t h e  d i r e c t i o n  o f  

t h e  Mach angle should be small and are here  set equa l  t o  zero.  The technique 

i s  termed Mach wave e x t r a p o l a t i o n  and y i e l d s  t h e  boundary c o n d i t i o n s  

-L 

n,.VP= 0 

and 

- 
n m -  V T  = 0 

( 2 7 )  

( 2 8 )  

+ 
where % is t h e  u n i t  v e c t o r  i n  the  d i r e c t i o n  of t h e  l o c a l  Mach a n g l e .  T h i s  

t echn ique  r e q u i r e s  computation o f  t h e  Mach a n g l e  and has been s u c c e s s f u l l y  

a p p l i e d  t o  a number of test  cases both by the  p r e s e n t  a u t h o r s  and t h e  a u t h o r s  

o f  Ref. 25 and 26. 
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SOLUTION OF THE GOVERNING EQUATIONS 

Numerical Methods 

The governing e q u a t i o n s  i n  both t h e  supe r son ic  and the  embedded subson ic  

p o r t i o n  o f  t h e  flow are s imultaneously solved by t h e  c o n s i s t e n t l y  s p l i t  

l i n e a r i z e d  b lock  i m p l i c i t  (LBI) technique d e s c r i b e d  i n  d e t a i l  i n  

Refs. 27 and 28. T h i s  technique can be l o g i c a l l y  d i v i d e d  i n t o  t h r e e  p a r t s :  

(1 )  l i n e a r i z a t i o n  of t h e  governing equa t ions  (2) d i s c r e t i z a t i o n  of t h e  

r e s u l t i g  set of l i n e a r i z e d  e q u a t i o n  by f i n i t e  d i f f e r e n c e  approximation of 

d e r i v a t i v e  terms and (3) s imultaneous s o l u t i o n  of t h e  r e s u l t a n t  set of l i n e a r  

coupled a l g e b r a i c  e q u a t i o n s .  App l i ca t ion  o f  t h e  LBI t echn ique  t o  a set  o f  

governing e q u a t i o n s  (and boundary c o n d i t i o n s )  t h a t  is w e l l  posed for forward 

marching is  s t r a i g h t f o r w a r d .  The system of governing e q u a t i o n s  can be 

w r i t t e n  i n  t h e  fol lowing form: 

w h e r e  Q is t h e  column v e c t o r  o f  dependent v a r i a b l e s  ( w l ,  w2, w3, P, ho),  

H and S are column vector a l g e b r a i c  func t ions  of Q, and D i s  a column v e c t o r  

whose elements  are t h e  s p a t i a l  d i f f e r e n i i a i  upeiaii irs.  

When a s o l u t i o n  a t  t h e  i + lSc s t a t i o n ,  a t  some d i s t a n c e  AX 
downstream, i s  d e s i r e d  a f t e r  a s o l u t i o n  is ob ta ined  a t  an a r b i t r a r y  ith 

streamwise s t a t i o n ,  t h e  s o l u t i o n  procedure is based on the  fo l lowing  i m p l i c i t  

marching d i r e c t i o n  d i f f e r e n c e  approximation of Eq. (29) 

i + l  i i + l  i + l  
(H - H  )/Ax = (0 + S  1 (30)  

where, f o r  example, Hi+ l  deno te s  H($I i+ l ) .  

(Tay lo r  series expansion about $Ii) of r e q u i s i t e  formal accu racy  is 

A l o c a l  s p a t i a l  l i n e a r i z a t i o n  

i n t r o d u c e d ,  and t h i s  s e r v e s  t o  d e f i n e  a l i n e a r  d i f f e r e n t i a l  o p e r a t o r  L such 

t h a t  
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S i m i l a r l y  

Eqs. (31-33) are i n s e r t e d  i n t o  Eq. (30) t o  o b t a i n  t h e  fo l lowing  system which 

is  l i n e a r  i n  g i + l  

and which is termed t h e  l i n e a r i z e d  block i m p l i c i t  (LBI) scheme. Here A 

denotes  a squa re  matrix de f ined  by 

Eq. (35) is O ( A X )  accuracy. 

To ob ta in  an  e f f i c i e n t  a lgor i thm,  the  l i n e a r i z e d  system, Eq. (34) i s  

s p l i t  us ing  AD1 techniques .  To  o b t a i n  t h e  s p l i t  scheme, t h e  mul t id imens iona l  

o p e r a t o r ,  L, is r e w r i t t e n  as t h e  sum of two 'one-dimensional '  sub-operator  

L i ( i  = 2,3) each of which con ta ins  a l l  terms having d e r i v a t i v e s  wi th  

r e s p e c t  to  the  i th-cross  plane coord ina te .  

be der ived  e i t h e r  as i n  Ref. 27 by fo l lowing  t h e  procedure desc r ibed  by 

Douglas and Gunn (Ref. 29) i n  t h e i r  g e n e r a l i z a t i o n  and u n i f i c a t i o n  of scalar 

AD1 schemes, o r  u s ing  t h e  approximate f a c t o r i z a t i o n  as i n  Ref. 30. For t h e  

p r e s e n t  s y s t e m  of equa t ions ,  t he  s p l i t  a lgo r i thm is g iven  by 

The s p l i t  form of Eq. (34) can 

(A - A x L f )  (+*-+'I = A x (  Di + S i )  

( A - A X L ~ )  i (+ i+ ' -+i )  = A ( + * - # i )  
(37) 

where O* is t h e  c o n s i s t e n t  i n t e rmed ia t e  s o l u t i o n  (Ref. 28). 

d e r i v a t i v e s  i n  Li and D are rep laced  by the  d i f f e r e n c e  formulae i n d i c a t e d  

p rev ious ly ,  then  each s t e p  i n  Eq. (36) and Eq. (37) can be so lved  by a block 

t r i d i a g o n a l  e l i m i n a t i o n .  

If s p a t i a l  
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Combining Eqs .  ( 3 6 )  and (37) gives  

I 

which approximates the unsp l i t  scheme, Eq. ( 3 4 )  to O ( A X 2 ) .  Since the 
I intermediate s t e p  is also a cons is tent  approxination t o  Eq. ( 3 4 ) ,  physical 

I boundary conditions can be used for +* (Refs. 28, 31).  
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TEST CASES 

A primary o b j e c t i v e  of t h i s  s t u d y  was t o  develop a computa t iona l  

procedure which i s  capab le  o f  ana lyz ing  a s u p e r s o n i c  je t  flow i n t e r a c t i n g  

with an e x t e r n a l  stream. T h e r e f o r e ,  t h r e e  three-dimensional and one 

axisymmetric tes t  cases were cons ide red  t o  demonstrate  t h e  c a p a b i l i t y  of t h e  

a n a l y s i s  and the  a s s o c i a t e d  computer program (PEPSIN). Three-dimensional 

c a s e s  dea l  with t h e  underexpanded supe r son ic  j e t  flow ( i . e .  , PJ > PE) 

exhaust ing from the  r e c t a n g u l a r  n o z z l e  of t h r e e  d i f f e r e n t  a s p e c t  r a t i o s  (1, 2 

and 5 r e s p e c t i v e l y ) .  A s  d i s c u s s e d  i n  the  I n t r o d u c t i o n  S e c t i o n ,  a s u p e r s o n i c  

j e t  was assumed t o  i n t e r a c t  w i th  a supe r son ic  e x t e r n a l  stream. However, 

s i n c e  no d a t a  were a v a i l a b l e  t o  v a l i d a t e  t h e  r e s u l t s  ob ta ined  by PEPSIN 

a n a l y s i s  for t hese  three-dimensional  c a s e s  , i t  w a s  decided t o  c o n s i d e r  an 

axisymmetric c a s e  ( F i g u r e  3) f i r s t  because of t h e  existing computat ional  d a t a  

(Ref .  1 7 )  t o  v a l i d a t e  t h e  PEPSIN r e s u l t s .  Compared t o  t h e  three-dimensional  

c a s e  , t h e  axisynrmetric r e s u l t s  are , i n  g e n e r a l  , e a s y  t o  i n t e r p r e t .  Moreover, 

expe r i ence  and i n s i g h t  ob ta ined  d u r i n g  the  s t u d y  of t h e  ax i symne t r i c  case is  

u s e f u l  for  t h e  s t u d y  of three-dimensional  c a s e s .  Most of t h e  flow c o n d i t i o n s  

u t i l i z e d  in the  computation of t h e  axisymmetric case were ob ta ined  from 

Ref. 17. Some o f  t h e  u n a v a i l a b l e  c o n d i t i o n s  were e i t h e r  assumed or 

e s t i m a t e d .  The a n a l y s i s  w a s  performed i n  t h e  same axisymmetric geometry as 

r e p o r t e d  in Ref. 17 .  The Mach number of both je t  and e x t e r n a l  stream w a s  

2.0. The j e t  flow was hot (TJ = 1500°K) and t h e  s t a t i c  p r e s s u r e  r a t i o  of 

j e t  with r e spec t  t o  t h e  e x t e r n a l  stream w a s  PJ/PE = 1.45. The s t a t i c  

temperature  o f  t h e  e x t e r n a l  stream w a s  240°K. The s t a t i c  p r e s s u r e  of t h e  

e x t e r n a l  flow was assumed as 2864 (Newtodm ).  Thus, t h e  computed Reynolds 

number per u n i t  l e n g t h  based on the  ambient f low c o n d i t i o n s  w a s  

1.6685 x lo6 .  

ambient supersonic flow, 98 mesh p o i n t s  were d i s t r i b u t e d  i n  t h e  r a d i a l  

d i r e c t i o n .  The g r i d  p o i n t s  were t i g h t l y  packed i n  t h e  v i c i n i t y  of 

e s t ima ted  t u r b u l e n t  mixing l a y e r  r e g i o n  t o  ach ieve  t h e  maximum r e s o l u t i o n .  

The c o n t i n u i t y  e q u a t i o n ,  two momenta e q u a t i o n s  and t h e  energy e q u a t i o n  w e r e  

used as governing e q u a t i o n s .  For t h e  p r e s e n t  c a s e ,  t h e  subsonic  r e g i o n s  

a s s o c i a t e d  w i t h  t h e  nozzle  boundary l a y e r  and t h e  base  of nozzle  w a l l  are 

embedded i n  t h e  supe r son ic  flow. However , these embedded subsonic  r eg ions  

appeared t o  b e  excluded f r a  c o n s i d e r a t i o n  i n  Ref. 17 because the  t echn ique  

2 

To analyze the  i n t e r a c t i o n  of t h e  j e t  flow w i t h  t h e  cof lowing 
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used i n  Ref. 17 w a s  no t  c a p a b l e  o f  analyzing such r e g i o n s .  T h e r e f o r e ,  s i n c e  

it w a s  d e s i r e d  t o  e x e r c i s e  t h e  PEPSIN code under t h e  same c o n d i t i o n s  as i n  

Ref. 17 f o r  t h i s  test c a s e ,  t h e  s o l u t i o n  was marched with t h e  i n i t i a l  

p r o f i l e s  devoid of subsonic  flow i n  t h i s  study. However, it should be noted 

t h a t  proper t r ea tmen t  of t h e  subsonic  regions may be v e r y  important  i n  

s imula t ing  p h y s i c a l  s i t u a t i o n s .  Since Ref .  17 d i d n ' t  s p e c i f y  e x p l i c i t l y  how 

t h e  i n i t i a l  p r o f i l e s  were g e n e r a t e d ,  t h e  shape of i n i t i a l  . p r o f i l e s  i n  t h e  

p re sen t  c a l c u l a t i o n s  w a s  approximately r ep resen ted  by t h e  p r o f i l e s  which 

would be expected downstream i n  t h e  mixing l a y e r .  For i n s t a n c e ,  t h e  

r e s u l t i n g  v e l o c i t y  p r o f i l e  a t  t h e  i n i t i a l  s t a t i o n  would c o n s i s t  of two 

d i f f e r e n t  uniform streams connected by the  smooth hype rbo l i c  t angen t  c u r v e  

which approximate t h e  t r a n s v e r s e  d i s t r i b u t i o n  of streamwise v e l o c i t y  

component i n  t h e  mixing l a y e r .  The boundary c o n d i t i o n s  imposed on t h e  axis  

of symmetry are symmetry c o n d i t i o n s ,  while t h e  c o n d i t i o n s  on t h e  e x t e r n a l  

boundary are Mach l i n e  e x t r a p o l a t i o n s .  The streamwise s t e p  s i z e  used f o r  

marching t h e  s o l u t i o n  w a s  0.005 of the  t r a n s v e r s e  s i z e  o f  computat ional  

domain, i .e . ,  0.025 of  j e t  r a d i u s  (corresponding to a Courant number of 

1 . 2 6 ) .  

The computed r e s u l t s  by t h e  PEPSIN code are compared with the  

s a l c d a t i s n  ef D Z P ~  et a l .  (Ref. 17) i n  Figures  4 ( a )  and 4 ( b ) .  The f i g u r e s  

show s t a t i c  p r e s s u r e  v a r i a t i o n  i n  t h e  streamwise d i r e c t i o n  a t  t w o  d i f f e r e n t  

r a d i a l  l o c a t i o n s  ( a long  the  j e t  axis and r / r j  = .5 where r j  r e f e r s  t o  t h e  

r a d i u s  of axisymmetric j e t ) .  Consider ing t h e  u n c e r t a i n t i e s  of t h e  i n i t i a l  

f low c o n d i t i o n s  which were used i n  PEPSIN a n a l y s i s ,  t h e  agreement between t w o  

d i f f e r e n t  c a l c u l a t i o n s  is  r easonab le .  The PEPSIN a n a l y s i s  i n d i c a t e s  a 

s t r o n g e r  streamwise damping of wave s t r e n g t h s  compared t o  t h e  computation 

(Ref.  1 7 ) .  This  appea r s  to be a s s o c i a t e d  w i t h  the  d i f f e r e n c e  i n  t u r b u l e n t  

d i s s i p a t i o n  which occur s  as a r e s u l t  o f  u s i n g  d i f f e r e n t  t u r b u l e n c e  models i n  

t h e  two s e p a r a t e  computat ions.  The PEPSIN a n a l y s i s  i s  based on a a l g e b r a i c  

mixing-length t u r b u l e n c e  model, whereas a two-equations model ( KE model) was 

u t i l i z e d  by Dash and co-workers. However, bo th  c a l c u l a t i o n s  show t h e  absence 

of any n o t i c e a b l e  wave s t r u c t u r e  beyond the f i r s t  shock c e l l ,  which i n d i c a t e s  

t h a t  t h e  r e f l e c t e d  wave r e s u l t i n g  from t h e  i n t e r a c t i o n  a t  tne end of t h e  

f i r s t  shock c e l l  becomes ve ry  weak. The f a v o r a b l e  comparison with t h e  

r e s u l t s  o f  Ref. 17 i n d i c a t e s  t h a t  bo th  PEPSIN approach and i t s  computer 

program are fundamentally sound. 
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After t h e  PEPSIN code w a s  s u c c e s s f u l l y  va i d a t e d  f o r  an axisymmetric 

c a s e ,  three-dimensional c a s e s  were cons ide red .  A s  d i s c u s s e d  above, t he  

underexpanded supe r son ic  je t  was assumed t o  be exhausted from a r e c t a n g u l a r  

nozzle  of a s p e c t  r a t i o  1 , 2  and 5 r e s p e c t i v e l y  F i g u r e  5 ) .  An aspect r a t i o  o f  

a c ros s - sec t ion  is de f ined  by t h e  r a t i o  of spanwise dimension d i v i d e d  by t h e  

t r a n s v e r s e  dimension. Unlike t h e  p r e v i o u s l y  cons ide red  axisymrnetric case, 

e s t i m a t i o n  o f  i n i t i a l  p r o f i l e s  f o r  three-dimensional  cases. was no t  

s t r a i g h t f o r w a r d .  Based upon our  expe r i ence  wi th  t h e  p rev ious  supe r son ic  f low 

c a l c u l a t i o n s ,  an i n i t i a l  p r o f i l e  must be not  o n l y  smooth but  a l s o  c o n s i s t e n t  

w i th  t h e  governing e q u a t i o n s .  I f  not  , p e r t u r b a t i o n s  , i n c o n s i s t e n c i e s  , e t c  . 
can  persist f a r  downstream. The d i f f i c u l t y  of being c o n s i s t e n t  w i th  t h e  

governing equa t ions  has been found t o  be f u r t h e r  pronounced f o r  

three-dimensional cases. The re fo re ,  i n  t h i s  s t u d y  t h e  problem w a s  s l i g h t l y  

modif ied such t h a t  i n i t i a l  p r o f i l e s  could be g m e r a t e d  more e a s i l y .  Thus, 

t h e  je t  was assumed t o  be exhausted from a s h o r t  s t r a i g h t  d u c t  with a squa re  

o r  r e c t a n g u l a r  c r o s s - s e c t i o n .  In  t h e  p re sen t  s t u d y  w e  are p r i m a r i l y  

concerned with developing a computer code capab le  of p r e d i c t i n g  t h e  

i n t e r a c t i o n  o f  a supe r son ic  j e t  wi th  an ambient supe r son ic  f low downstream o f  

e x i t  plane.  S ince  no s p e c i f i c  nozzle  geometry was d e f i n e d  i n  t h e  p r e s e n t  

i n v e s t i g a t i o n ,  t h e  l e n g t h  of duc t  w a s  kept  s h o r t  mainly t o  reduce t h e  

computation t i m e .  The PEPSIN code i s ,  however, c a p a b l e  of a n a l y z i n g  the  flow 

f i e l d  wi th in  a longer  nozz le  of more complex geometry as shown by t h e  

a p p l i c a t i o n s  of t he  PEPSIS  code t o  i n l e t  f low systems (Ref .  16) .  

In  t h i s  s tudy  t h e  streamwise marching s o l u t i o n  procedure began a t  a 

l o c a t i o n  u p s t r e a m  of t h e  d u c t  e n t r a n c e .  A s  an i n i t i a l  p r o f i l e  f o r  t h i s  

problem, t h e  f low was assumed t o  c o n s i s t  of two coflowing uniform streams a t  

d i f f e r e n t  v e l o c i t i e s  as shown i n  F igu re  5 .  One stream a t  f a s t e r  speed moves 

i n t o  t h e  d u c t ,  whereas t h e  e x t e r n a l  f low moving a t  a slower speed moves 

around the d u c t .  The i n i t i a l  c o n d i t i o n s  such as v e l o c i t y  r a t i o  of two 

s t reams and corresponding p r e s s u r e  r a t i o  were assumed t o  be the  same as t h e  

p r e v i o u s l y  cons ide red  axisymmetric case. A s  a consequence of t h e  

m o d i f i c a t i o n ,  the flow a t  t h e  d u c t  e x i t  w a s  expected t o  c o n t a i n  some e x t r a  

p h y s i c a l  f e a t u r e s  due t o  t h e  development of flow near  t h e  d u c t  e n t r a n c e .  The 

flow bo th  wi th in  and o u t s i d e  t h e  duc t  w a s  complicated because of t h e  shock 

waves generated due t o  t h e  i n i t i a l  shock wave-boundary l a y e r  development on 
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t h e  w a l l s  o f  t h e  d u c t .  I n  p a r t i c u l a r ,  t h e  p r e s s u r e  f i e l d  wi th in  t h e  

c r o s s - s e c t i o n  became non-uniform as one would expect  i n  a r e c t a n g u l a r  d u c t  

flow. 

The Mach number of both the  i n i t i a l  streams w a s  2.0, while  t h e  Reynolds 

number per u n i t  l e n g t h  based on t h e  f r e e  stream ( e x t e r n a l  flow) p r o p e r t i e s  

w a s  1.6685 x lo6 ( a  j e t  e x i t  Reynolds number was 2.847 x 105) .  

t o  ana lyze  both t h e  i n t e r n a l  and e x t e r n a l  f low o f  t h e  duct. as w e l l  as t h e  j e t  

flow i n t e r a c t i n g  wi th  t h e  e x t e r n a l  stream, 50 x 50 mesh p o i n t s  f o r  a s p e c t  

r a t i o  1 and 50 X 80 mesh p o i n t s  for both a s p e c t  r a t i o  2 and 5 were 

d i s t r i b u t e d  i n  each c r o s s - s e c t i o n a l  plane.  Mesh p o i n t s  were packed i n  t h e  

r e g i o n  o f  t h e  i n t e r a c t i o n .  Because o f  the geometrical shape of bo th  d u c t  and 

jet  f low,  two p lanes  of symmetry can be a s s o c i a t e d  with t h i s  problem, and 

hence t h e  flow need on ly  be solved in  t h e  q u a r t e r  plane.  On t he  p l anes  o f  

symmetry, symmetry boundary c o n d i t i o n s  were u t i l i z e d .  On t h e  o t h e r  hand, 

t h r e e  no - s l ip  c o n d i t i o n s  f o r  t he  v e l o c i t y  components, normal momentum 

e q u a t i o n  and a d i a b a t i c  w a l l  c o n d i t i o n s  were imposed on t h e  s o l i d  wal ls .  On 

t h e  e x t e r n a l  boundary of flow symmetry boundary c o n d i t i o n s  were used aga in .  

For t h e  three-dimensional c a s e s ,  t h e  c o n t i n u i t y  e q u a t i o n ,  t h r e e  momenta 

e q u a t i o n s  and the  energy e q u a t i o n  were used as governing e q u a t i o n s .  

The t u r b u l e n c e  model u t i l i z e d  i n  t h i s  study w a s  an a l g e b r a i c  mixing l e n g t h  

model. T h i s  model was s e l e c t e d  p r imar i ly  because it i s  conven ien t  t o  use a t  

t h i s  p o i n t  (demons t r a t ion  of c a p a b i l i t y  of new computer code w a s  one of t h e  

primary g o a l s  i n  t h i s  s tudy)  and, fur thermore,  i t  can save  some computer 

r e s o u r c e s  ( t i m e  and s t o r a g e ) .  However, i f  a demonstrated need f o r  advanced 

t u r b u l e n c e  model e x i s t s ,  t h i s  can be e a s i l y  accommodated w i t h i n  t h e  e x i s t i n g  

code framework. The mixing l eng th  w a s  assumed t o  be p r o p o r t i o n a l  t o  the  h a l f  

width o f  mixing r eg ion  and, t h e r e f o r e ,  c o n s t a n t  a t  each streamwise l o c a t i o n .  

In  t h e  p r e s e n t  s t u d y ,  f o r  t he  purpose of t h e  t u r b u l e n c e  model t h e  sp read ing  

a n g l e  o f  t h e  mixing r eg ion  w a s  assumed t o  be  3" .  

I n  o r d e r  

I 

I 
I 

The computed r e s u l t s  of three-dimensional c a s e s  are p resen ted  i n  F i g s .  8 

through 16. S ince  experimental  d a t a  i s  no t  a v a i l a b l e  f o r  d i r e c t  comparison, 

d i s c u s s i o n  w i l l  p r i m a r i l y  focus on q u a l i t a t i v e  d e s c r i p t i o n  of t h e  e s s e n t i a l  

p h y s i c a l  f e a t u r e s  p r e d i c t e d  by t h e  computation. To ass is t  t h e  r e a d e r  i n  

i n t e r p r e t i n g  t h e  p l o t s  of v a r i o u s  v a r i a b l e s ,  both F igs .  6 and 7 are 

p r e s e n t e d .  F i g u r e  6 i l l u s t r a t e s  a s ideview of t he  computat ional  domain 
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on a v e r t i c a l  p l ane  when the  computat ional  domain is c u t  through t h e  d u c t  

v e r t i c a l l y .  F igu re  7 provides  a c r o s s - s e c t i o n a l  v iew of t h e  domain. 

A s  d i scussed  b e f o r e ,  three-dimensional  test  c a s e s  were run f o r  t h r e e  

d i f f e r e n t  a s p e c t  r a t i o s  of r e c t a n g u l a r  c r o s s - s e c t i o n .  T h e r e f o r e ,  d i s c u s s i o n  

w i l l  f i r s t  c o n c e n t r a t e  on the  d e s c r i p t i o n  of t h e  r e s u l t s  f o r  an a s p e c t  r a t i o  

equa l  t o  1. Then, t h e  e f f e c t s  of l a r g e r  a s p e c t  r a t i o s  on t h e  flow f i e l d  w i l l  

be  considered.  

Calculated r e s u l t s  i n  the  form of s t a g n a t i o n  p r e s s u r e  and 

c r o s s - s e c t i o n a l  secondary v e l o c i t y  v e c t o r s  f o r  squa re  n o z z l e  case 

( a s p e c t  r a t i o  1) are presented i n  F igs .  8-9. S t a g n a t i o n  p r e s s u r e  i s o b a r s  i n  

t h e  c r o s s - s e c t i o n s  a t  seven streamwise l o c a t i o n s  are p resen ted  t o  d e f i n e  a 

streamwise development of plume boundary ( F i g .  8 ) .  I n i t i a l  upstream c o n t o u r s  

were obtained a t  a d i s t a n c e  of X/H = 0.33 from t h e  e x i t  p l a n e  of t h e  d u c t  

where H is a he igh t  of t h e  d u c t .  H is chosen t o  b e  0.4. Meanwhile, f i n a l  

downstream con tour s  were ob ta ined  a t  a d i s t a n c e  of X/H = 22 from t h e  e x i t  

p l a n e  of the d u c t .  

s q u a r e  shape b e f o r e  evolving i n t o  a smooth shape f a r  downstream. T h i s  i s  

probably due t o  s t r o n g  three-dimensional e f f e c t s  of t h e  flow. Compared t o  

t h e  usual  supe r son ic  j e t  exhausted from a n o z z l e ,  t h e s e  three-dimensional  

e f f e c t s  may have been more pronounced by t h e  use of a s h o r t  s t r a i g h t  d u c t  as 

a means of a v s i d i n g  the  d i f f i c u l t y  a s s o c i a t e d  with g e n e r a t i n g  

three-dimensional i n i t i a l  p r o f i l e s .  A s  d i s c u s s e d  b e f o r e ,  a uniform flow w a s  

assumed t o  move i n t o  the  duc t  e n t r a n c e .  As a consequence, t h e  f low w i t h i n  

t h e  d u c t  becomes h i g h l y  three-dimensional due t o  t h e  g e n e r a t i o n  of shock 

waves a s s o c i a t e d  wi th  the  l ead ing  edge. Combined with t h e  three-dimensional  

e f f e c t s ,  a h i g h l y  non-uniform p r e s s u r e  develops i n  t h e  c r o s s - s e c t i o n  o f  

d u c t .  I n  p a r t i c u l a r  t he  p r e s s u r e  i n  the  co rne r  r e g i o n  i s  l a r g e .  Thus, t h e  

l a r g e s t  p re s su re  d i f f e r e n c e  a c r o s s  t h e  d u c t  w a l l  occu r s  i n  t h e  c o r n e r  

r e g i o n .  Because of t h i s  non-uniform p r e s s u r e  d i s t r i b u t i o n  , a d i s t o r t i o n  of 

t he  plume boundary occur s .  As can be seen i n  F ig .  8, t h e  d i s t o r t i o n  i s  

s l i g h t l y  asymmetric about t h e  b i s e c t i n g  l i n e  (45" l i n e )  from the  c o r n e r .  The 

asymmetry was caused by t h e  approximations used i n  t h e  subson ic  l a y e r  of t h e  

c o r n e r  region of a nozz le .  As d i s c u s s e d  i n  the  a n a l y s i s  s e c t i o n ,  bo th  t h e  

c o n t i n u i t y  and normal momentum equa t ions  are approximated. The n e a r e s t  s o l i d  

w a l l  from a g r i d  po in t  is  i d e n t i f i e d  t o  implement the  subson ic  

approximations.  However, t he  g r i d  p o i n t s  l oca t ed  on t h e  b i s e c t i n g  l i n e  have 

The plume boundary expe r i ences  a s e v e r e l y  d i s t o r t e d  
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two such s u r f a c e s .  

and, hence,  a s l i g h t  asymmetry in t roduced .  It should be noted t h a t  

asymmetry can be reduced by provid ing  more g r i d  p o i n t s  i n  t h e  c o r n e r  r e g i o n ,  

and as t h e  f low proceeds downstream t h i s  e f f e c t  s i g n i f i c a n t l y  d imin i shes .  A 

streamwise development of  secondary v e l o c i t y  v e c t o r s  i n  t h e  c r o s s - s e c t i o n  i s  

presented  i n  Fig.  9. A strong secondary f l o w  i s  seen i n  t h e  co rne r  r e g i o n .  

As a r e s u l t  o f  t h e  non-uniform p r e s s u r e  d i s t r i b u t i o n ,  t h e . f l o w  develops  t w o  

streamwise v o r t i c e s  which w i l l  e v e n t u a l l y  be d i f f u s e d  by t h e  t u r b u l e n t  mixing 

I n  t h i s  c a s e  the  upper s u r f a c e  w a s  a r b i t r a r i l y  chosen 

, 
a c t i o n .  To show t h e  e f f e c t s  o f  je t  aspec t  r a t i o  on t h e  f low f i e l d ,  F i g s .  10 

and 11 are p resen ted .  Both f i g u r e s  i l l u s t r a t e  a streamwise development of 

s t a g n a t i o n  p r e s s u r e  c o n t o u r s .  I n i t i a l  upstream con tour s  are ob ta ined  a t  a 
I d i s t a n c e  of X/H = 0.675 f r a n  t h e  e x i t  plane of  t h e  d u c t  where H is  a h e i g h t  

of d u c t .  H is  t a k e n  to  be 0.2. F i n a l  downstream con tour s  are ob ta ined  a t  a 

d i s t a n c e  of X/H = 44. 
The o u t e r  edge o f  t h e  mixing r eg ion  may be de f ined  q u a l i t a t i v e l y  based 

on t h e s e  t w o  f i g u r e s .  Examination of  the  p l o t s  i n d i c a t e s  t h a t  t h e  mixing 

l a y e r  sp reads  o u t  more q u i c k l y  i n  the  corner  r eg ion  as d i s c u s s e d  p r e v i o u s l y  

i n  t h e  case of a s p e c t  r a t i o  1. Streamwise development of  c r o s s - s e c t i o n a l  

plume boundary i s  v e r y  s i m i l a r  t o  t h a t  for  a spec t  r a t i o  1, a l though  

c i l s t o i t l o i i  rf p l - ~ c  b o ~ c Z a z p  is Incalized in t h e  c o r n e r  r eg ion  a t  an a s p e c t  

r a t io  5 .  It appea r s  t h a t  t h e  r ap id  mixing i n  the  c o r n e r  r e g i o n  is related t o  

t h e  three-dimensional  e f f e c t s .  However, a s  both f i g u r e s  show, t h e  plume 

boundary g r a d u a l l y  approaches a smooth e l l i p t i c  or c i r c u l a r  shape i n  f a r  

f i e l d .  In  t h e  near  f i e l d  downstream o f  the nozz le  e x i t ,  t h e  high p r e s s u r e  i n  

t h e  co rne r  r e g i o n  a s s o c i a t e d  wi th  the  shock waves may have played a 

s i g n i f i c a n t  role i n  enhancing t h e  mixing. It should be  noted t h a t  s imi l a r  

mixing behavior  may no t  be observed when t h e  c a l c u l a t i o n  is  performed f o r  a 

r ea l i s t i c  nozz le  under the  i n i t i a l  p r o f i l e s  based on t h e  e x i t  f low 

c ond i t  i o n s  . 
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DISCUSSION AND CONCLUSIONS 

The primary o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  w a s  t o  develop and v a l i d a t e  

a numerical procedure f o r  t h e  c a l c u l a t i o n  of t h e  i n t e r a c t i o n  o f  

three-dimensional supe r son ic  j e t  with an e x t e r n a l  flow. The new computer 

code (named PEPSIN) was developed by ex tend ing  t h e  c a p a b i l i t y  of e x i s t i n g  

code (PEPSIS) s u i t a b l e  f o r  an a n a l y s i s  of j e t  flows. The major d i f f e r e n c e  

between these two codes l ies  i n  t h e  new c a p a b i l i t y  of c a l c u l a t i n g  flow f i e l d s  

when the  computat ional  domain c o n t a i n s  i n t e r n a l l y  embedded s o l i d  bod ies .  

To v a l i d a t e  the  code, one two-dimensional and t h r e e  three-dimensional  c a s e s  

were computed. Comparison of t he  two-dimensional r e s u l t s  with o t h e r  

computations w a s  performed t o  v a l i d a t e  t h e  new code f o r  t h i s  c l a s s  o f  cases. 

Three-dimensional c a l c u l a t i o n s  were s u c c e s s f u l l y  performed, and e s s e n t i a l  

phys i ca l  f e a t u r e s  were p r e d i c t e d .  
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USERS' MANUAL 

The PEPSIN Users' Manual is m a n t  t o  s e r v e  as a guide  i n  h e l p i n g  t h e  

u s e r  make s u c c e s s f u l  runs wi th  t h e  PEPSIN computer program. The degree of 

success  ob ta ined  by t h e  u s e r  w i l l  depend on t h e  skill of t h e  u s e r  and h i s  

a b i l i t y  t o  c o r r e c t l y  apply t h e  code to  h is  p a r t i c u l a r  problem. 

s o l v e  t h e  govern ing  equa t ions ,  s u b j e c t  t o  t h e  u s e r  supp l i ed  boundary 

cond i t ions ,  however, meaningful r e s u l t s  w i l l  only be obta ined  i f  t h e  boundary 

c o n d i t i o n s  are a p p r o p r i a t e  t o  t h e  problem. I n  a d d i t i o n ,  t h e  u s e r  must 

s p e c i f y  v i s c o s i t y  models, i n i t i a l  cond i t ions ,  a coord ina te  system and t h e  

l o c a t i o n  of g r i d  p o i n t s  t o  adequate ly  reso lve  t h e  flow. The u s e r  w i th  a good 

knowledge of t h e  phys ics  involved  i n  his problem and how t h e  code models t h e  

phys ics  should  wi th  a moderate amount of exper ience  be a b l e  t o  s u c c e s s f u l l y  

apply t h e  code t o  a wide v a r i e t y  of supersonic  f low problems. 

The code w i l l  

The Users' Manual is d iv ided  i n t o  e igh t  p a r t s  c o n s i s t i n g  o f :  (1) a f low 

diagram, (2) a b r i e f  d e s c r i p t i o n  of each s u b r o u t i n e  and its use ,  (3) a list 

of t h e  F o r t r a n  v a r i a b l e s  and a d e s c r i p t i o n  of t h e i r  meaning, (4) a 
d e s c r i p t i o n  of t h e  l o g i c a l  f i l e  u n i t s  u t i l i z e d  by t h e  PEPSIN computer code, 

(5) a d e t a i l e d  d e s c r i p t i o n  of t h e  i n p u t  r equ i r ed  by t h e  PEPSIN computer code, 

( 6 )  a d e s c r i p t i o n  of t h e  common e r r o r  condi t ions  t h a t  may be encountered 

du r ing  the execu t ion  of a PEPSIN run and t h e  c o r r e c t i v e  a c t i o n  t o  be taken ,  

(7) sample i n p u t  f o r  a three-dimensional  case and (8) sample ou tpu t  f o r  t h e  

cor responding  case. 

Flow Diagram 

The purpose of t h e  f low diagram is t o  h e l p  t h e  u s e r  unders tand  t h e  b a s i c  

flow of in fo rma t ion  w i t h i n  t h e  PEPSIN computer code. Because of t h e  s i z e  of 

t h e  code (approximately 13,000 ca rds ) ,  a d e t a i l e d  f low diagram would be 

p r o h i b i t i v e l y  l a r g e  and probably be of l i t t l e  va lue  t o  t h e  use r .  

t h e  flow diagram is in tended  only to give a g e n e r a l  overview of t h e  s t r u c t u r e  

of t h e  code. The i n t e r e s t e d  u s e r  is urged t o  consu l t  t h e  program l i s t i n g  f o r  

d e t a i l s .  

The re fo re ,  
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Flow Diagram for the PEPSIN Computer Code 
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PEPSIN Subrout ines  

Purpose Subrou t fne 

ADDRES 

AD1 

ADICP 

AD" 

AMARCH 

AMATRX 

ARTVIS 

AVRG 

BC 

BLKDATA 

BLT 

BULEEV 

CONVCT 

CORBND 

CORTRN 

CROSEC 

CURVT 

DATAS 

DELTX 

DELTXZ 

DIFF 
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C a l c u l a t e  addres ses  f o r  f i n i t e  d i f f e r e n c e  
r e p r e s e n t a t i o n  of metric and f l u i d  dynamic 
v a r i a b l e s .  

Master c o n t r o l  sub rou t ine  for ADI. procedure.  

Con t ro l  s u b r o u t i n e  f o r  coupled equa t ions .  

Con t ro l  s u b r o u t i n e  f o r  uncoupled equa t ions .  

L i n e a r i z e s  streamwise convect ive  terms. 

L i n e a r i z e s  a l l  streamwise terms. 

A r t i f i c i a l  d i s s i p a t i o r  sub rou t ine .  

C a l c u l a t e s  averaged, q u a n t i t i e s  i n  c r o s s  p lane .  

Boundary c o n d i t i o n  subrou t ine .  

S t o r e s  d e f a u l t  va lues  of key v a r i a b l e s .  

C a l c u l a t e s  boundary l a y e r  t h i ckness .  

C a l c u l a t e s  Buleev mixing l eng th .  

L i n e a r i z e s  c r o s s  p lane  convec t ive  terms. 

C a l c u l a t e s  geometry t r ans fo rma t ion  in fo rma t ion  on 
boundaries .  

C a l c u l a t e s  geometry t r ans fo rma t ion  in fo rma t ion  f o r  
i n t e r i o r  p o i n t s .  

Cont ro l  sub rou t ine  f o r  c a l c u l a t i o n  of de r ived  
v a r i a b l e s .  

L inea r i zes  cu rva tu re  terms. 

Logica l  f i l e  c o n t r o l  sub rou t ine .  

Calculates t r ans fo rma t ion  in fo rma t ion  f o r  ICORD = 2 
op t  ion.  

C a l c u l a t e s  t r ans fo rma t ion  in fo rma t ion  f o r  ICORD = 3 
op t ion .  

L i n e a r i z e s  d i f f u s i o n  terms. 



Subrwt ine 

DISFCN 

D I V  

DOP2 

DOP3 

ENDCAP 

EOS 

FGFUN 

GAUSS 

GENCBC 

GENUBC 

GEORD 

r,l?nTRB 

I N D I C  

INPUTS 

INTEBC 

LAMP 

LAW 

LENGTH 

LOOP 

M A I N  

MATPRT 

- 
Wrpose 

C a l c u l a t e s  d i s s i p a t i o n  func t ion .  

C a l c u l a t e s  divergence of v e l o c i t y .  

Con t ro l  sub rou t ine  f o r  l i n e a r i z a t i o n  of Y-di rec t ion  
and source  terms. 

Cont ro l  sub rou t ine  f o r  l i n e a r i z a t i o n  of Z -d i r ec t ion  
terms. 

Cont ro l  sub rou t ine  f o r  endcap c o n d i t i o n s .  

Equation of s t a t e  s u b r o u t i n e  l i n e a r i z e s  and updates  
p r e s s u r e  and temperature .  

C a l c u l a t e s  geometry groupings.  

Solves  uncoupled t r i d i a g o n a l  set of equa t ions .  

Cont ro l  sub rou t ine  f o r  coupled*boundary cond i t ions .  

Cont ro l  sub rou t ine  f o r  uncoupled boundary 
cond i t ions .  

Con t ro l s  s e t u p  of computa t iona l  domain and 
c a l c u l a t e s  geometry a t  each c ross - sec t ion .  

Determines i f  flow is subson ic  o r  s u p e r s o n i c  a t  g r i d  
po in t s .  

Input  subrout ine .  Inpu t  d a t a  e n t e r s  and i s  
processed.  

Performs a two-dimensional l i n e a r  i n t e r p o l a t i o n  f o r  
w a l l  t r a n s p i r a t i o n  rates. 

C a l c u l a t e s  laminar p r o f i l e .  

C a l c u l a t e s  nondimensional v e l o c i t y ,  U+ as a 
f u n c t i o n  of nondimensional d i s t a n c e  Y'. 

C a l c u l a t e s  mixing l eng th .  

Determines t h e  loop index  a t  a g r i d  p o i n t  i n  both Y 
and Z-direct ion.  

Main c o n t r o l  program. 

P r i n t s  elements of block t r i d i a g o n a l  mat r ix .  
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Purpose Subroutine 

MGAUSS 

MGERR 

NMLI ST 

OUTPUT 

PLOT 

PLOTIN 

PROF 

QUICK 

READZ 

RESTRT 

ROTATE 

SETBVL 

SETBVP 

SETUP 

SHEAR 

SONIC 

SPREAD 

STORG 

SUB 

SWITCH 

TANHYP 
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Contro l  sub rou t ine  f o r  s o l v i n g  block t r i d i a g o n a l  
systems of equa t ions .  

Calculates e r r o r  a s s o c i a t e d  wi th  s o l v i n g  block 
t r i d i a g o n a l  system of equa t ions .  

Subrout ine  f o r  p r i n t i n g  namel i s t  i npu t  in format ion .  

Con t ro l  s u b r o u t i n e  f o r  p r i n t i n g  out  r e s u l t s  on a 
c r o s s - s e c t i o n a l  (Y-Z) p lane.  

Writes p l o t  in format ion  on l o g i c a l  f i l e  u n i t  JPLOT. 

Writes f i r s t  record  of g e n e r a l  i n fo rma t ion  on 
l o g i c a l  f i l e  u n i t  JPLOT. 

Generates  i n i t i a l  p r o f i l e s .  

Matrix e l i m i n a t i o n  subrou t ine .  

Prepares  v a r i a b l e s  f o r  p r i n t i n g .  

Reads and w r i t e s  restart in fo rma t ion .  

Ro ta t e s  d a t a  from columns t o  rows and v i c e  ve r sa .  

Updates boundary in fo rma t ion  a l i n e  a t  a t i m e .  

Updates boundary in fo rma t ion  a p o i n t  a t  a t i m e .  

Determines t h e  e x t e n t  of computa t iona l  domain, 
number of loops and s u b s e c t i o n s  a t  each 
c r o s s  -sect i o n  

Con t ro l  sub rou t ine  f o r  t he  c a l c u l a t i o n  of w a l l  s h e a r  
ve l o c i  t y . 
Determines t h e  e x t e n t  of s u p e r s o n i c  and subson ic  
region.  

Spreads two-dimensional d a t a  t o  t h r e e  dimensions.  

Con t ro l  sub rou t ine  of t h e  s t o r a g e  of tempera ture  and 
d e n s i t y  on boundaries  for v i s c o s i t y  c a l c u l a t i o n .  

Contain s p e c i a l  subsonic  l o g i c .  

C a l c u l a t e s  streamwise l o c a t i o n  f o r  swi t ch  of 
boundary condi t ion .  

Grid s t r e t c h  sub rou t ine .  



Subrout lne 

TNDER 

TWINS 

TURB 

TURBP 

VISCOS 

WALLFN 

WHERE 

WRMATR 

YCALC 

ZERO 

C a l c u l a t e s  normal d e r i v a t i v e  of tempera ture  a t  a 
w a l l .  

T r a n s i t i o n  model sub rou t ine .  

Turbulence model sub rou t ine .  

C a l c u l a t e s  t u r b u l e n t  p r o f i l e  based on t heo ry  of 
Maise-McDonald . 
Constant  and laminar v i s c o s i t y  sub rou t ine .  

C a l c u l a t e s  w a l l  s h e a r  v e l o c i t y .  

Determines t h e  s u r f  ace number of f o u r  n e a r e s t  
boundaries  f o r  a g iven  po in t .  

Writes block t r i d i a g o n a l  dump in fo rma t ion  on l o g i c a l  
f i l e  device  NUNERR. 

C a l c u l a t e s  Y and Z l o c a t i o n s .  

Zeros out  l i n e a r i z a t i o n  a r r a y s  
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Logica l  F i l e  Uni t s  U t i l i z e d  by PEPSIN Computer Code 

The PEPSIN computer code u t i l i z e s  up t o  e l even  (11) l o g i c a l  f i l e  u n i t s  

du r ing  the execut ion  of a run stream. I n  many cases no t  a l l  e l even  u n i t s  are 

used ,  and hence i n  t h e s e  cases t h e r e  is no need t o  d e f i n e  a l l  e l even  u n i t s .  

All re ferences  t o  a l o g i c a l  f i l e  u n i t  i n  t h e  PEPSIN computer code is 

accomplished through t h e  use of a FORTRAN n a m e  r a t h e r  t han  through a s p e c i f i c  

u n i t  number. Thus, i f  t he  u s e r  d e s i r e s  t o  change a l o g i c a l  f i l e  u n i t  number, 

t h i s  can be done through t h e  inpu t  f i l e .  A l ist  of t h e  l o g i c a l  f i l e  u n i t s  

u t i l i z e d  by t h e  PEPSIN computer code, t h e i r  FORTRAN name, d e f a u l t  va lue  u n i t  

number, and a b r i e f  d e s c r i p t i o n  of t h e  use  of t h e  u n i t  is p resen ted  below. 

A l l  u n i t s  are s e q u e n t i a l .  

FORTRAN Name Defaul t  Unit  Number 

M I N  5 

MOUT 6 

MASS 1 8 

MASS2 

MSDD 

JDRUM 

9 

15 

11 

D e s c r i p t i o n  

Inpu t  d a t a  u n i t .  

P r i n t e d  ou tpu t  u n i t .  

F i r s t  u n i t  which s t o r e s  
dependent and de r ived  
v a r i a b l e s  e i t h e r  by rows o r  
columns. N o t  needed f o r  
two-dimensional cases, i.e., 
when TWOD = .TRUE. 

Second u n i t  which s t o r e s  
dependent and de r ived  
v a r i a b l e s  e i t h e r  by rows o r  
by columns. Not needed f o r  
two-dimensional cases, i.e., 
when TWOD = .TRUE. 

Unit  which s t o r e s  dependent 
and de r ived  v a r i a b l e s  by rows 
o r  columns. Not needed f o r  
two-dimensional cases, i.e., 
when TWOD = .TRUE. 

Unit  which c o n t a i n s  output  of 
ADD computer code. Only 
needed when IGEOM = 10 o r  11. 



FORTRAN N a m e  

KDRUM 

NUNERR 

I JPLOT 

I JRSTIN 

JRSTOT 

Defaul t  Unit  Number D e s c r i p t i o n  

12 

14 

15 

10 

10 

Unit which s t o r e s  f i n a l  
metric in fo rma t ion .  Needed 
i n  a l l  cases .  

Unit  which s t o r e s  in fo rma t ion  
concerning t h e  block 
t r i d i a g o n a l  ma t r ix  
i n v e r s i o n .  Needed when MGDMP 
f 0. 

Unit  which s t o r e s  p l o t t i n g  
informat ion .  Needed when 
IPLOT f 0. 

Input  restart u n i t .  This  
u n i t  c o n t a i n s  a p p r o p r i a t e  
common block in fo rma t ion  and 
the  va lues  of t h e  dependent 
and de r ived  v a r i a b l e s  at each 
c r o s s - s e c t i o n a l  g r i d  po in t  a t  
t h e  restart streamwise 
s t a t i o n .  Needed only  when 
IRSTIN f 0. 

Output  restart u n i t .  Th i s  
u n i t  c o n t a i n s  a p p r o p r i a t e  
common block in fo rma t ion ,  and 
t h e  v a l u e s  of t h e  dependent 
and de r ived  v a r i a b l e s  a t  each 
c r o s s - s e c t i o n a l  g r i d  p o i n t  a t  
t h e  restart streamwise 
s t a t i o n .  Needed only when 
IRSTOT f 0. Defau l t  is 
JRSTIN = IRSTOT; however, i t  
is d e s i r e d  t o  have separate 
inpu t  restart and ou tpu t  
r e s t a r t  f i l e s  set JRSTOT = 
17. 
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PEPSIN Input 

Except f o r  an i n i t i a l  t i t l e  c a r d  and p l o t  f i l e  i npu t  d a t a ,  t h e  e n t i r e  

PEPSIN input  is  e n t e r e d  by means o f  t he  NAMELIST format .  There are t w o  

pr imary advantages t o  the  use o f  t h e  NAMELIST format:  ( 1 )  t h a t  i f  t h e  

d e f a u l t  va lues  (de f ined  i n  t h e  block d a t a  s u b r o u t i n e )  are a c c e p t a b l e ,  t h e  

u s e r  need not  i npu t  t h a t  v a r i a b l e ,  and ( 2 )  t he  o r d e r  ( w i t h i n  a g i v e n  

NAMELIST) i n  which t h e  v a r i a b l e s  are e n t e r e d  is  i r r e l e v a n t .  There are seven  

NAMELIST inpu t  f i l e s  i n  t h e  PEPSIN code,  $REST, $LIST1 through $LIST5 and 

SLISTR. The f i r s t  f i l e  i s  read i n  t h e  main program and e n t e r s  restart  

information.  The second through s i x t h  NAMELIST f i l e s  are r ead  i n  s u b r o u t i n e  

INPUTS. B a s i c a l l y ,  t h e  NAMELISTS $LIST1 through $LIST5 can  be d i v i d e d  by 

f u n c t i o n .  $LIST1 e n t e r s  i n fo rma t ion  about t h e  governing e q u a t i o n s  and 

a p p r o p r i a t e  boundary c o n d i t i o n s ,  $LIST2 e n t e r s  r e f e r e n c e  and f r e e  stream 

c o n d i t i o n s ,  $LIST3 e n t e r s  geometr ic  i n fo rma t ion ,  $LIST4 e n t e r s  v i s c o s i t y  

model and i n i t i a l  p r o f i l e  i n fo rma t ion  and $LIST5 e n t e r s  f i l e  o u t p u t  

information.  The las t  NAMELIST f i l e  i s  read i n  s u b r o u t i n e  CROSEC. 

$LISTR e n t e r s  i n fo rma t ion  needed t o  reset t h e  g r i d  a r r a y  i n d i c a t o r ,  IFBW, 

f o r  t h e  computational domain i n  the  c r o s s - s e c t i o n .  The PEPSIN computer code 

evolved f r a n  the  PEPSIS computer code (Ref.  16) which w a s  developed 

p r i m a r i l y  f o r  flows i n  supe r son ic  i n l e t s  and f o r  e x t e r n a l  f low s i t u a t i o n s .  

The primary d i f f e r e n c e  between the  two codes is  i n  t h e  a b i l i t y  of PEPSIN t o  

c o n s i d e r  c r o s s - s e c t i o n a l  geometr ic  c o n f i g u r a t i o n  t h a t  c o n t a i n  r e - e n t r a n t  

c o r n e r s  as f o r  example, might occur i n  t h e  geometry i l l u s t r a t e d  i n  F ig .  12 .  

I n  concept , t h e  e x t e n s i o n  of t he  PEPSIS procedure t o  such geometr ic  

c o n f i g u r a t i o n s  is  s t r a i g h t f o r w a r d .  However, to i n c o r p o r a t e  t h e  r e - e n t r a n t  

c o r n e r  l og ic  i n t o  t h e  code i n  a g e n e r a l  manner adds c o n s i d e r a b l e  complexi ty  

t o  t h e  computer code. To minimize t h e  e f f e c t  of t h e  c o m p l e x i t i e s  on t h e  use r  

wh i l e  a t  the same t i m e  not d e t r a c t  from the  g e n e r a l i t y  t h a t  may be neces- 

s a r y  a t  t h e  p re sen t  t i m e  or i n  t h e  f u t u r e ,  a v e r y  g e n e r a l  procedure w a s  

i nco rpora t ed  i n t o  t h e  PEPSIN code. Th i s  procedure u t i l i z e s  t h e  concept  

of a "grid a r r a y  i n d i c a t o r "  (FORTRAN v a r i a b l e  IFBW) t o  type t h e  g r i d  

p o i n t s  i n  the  c r o s s - s e c t i o n a l  p l ane .  Re fe r r ing  to  F ig .  12, i t  can be 

seen t h a t  the  idea  i s  t o  type t h e  g r i d  p o i n t s  acco rd ing  t o  t h e  f u n c t i o n  

t h e y  se rve .  The  convent ion is  t o  type g r i d  p o i n t s  as fo l lows :  
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IFBW-1 I n d i c a t e s  t h a t  a g r i d  point is an i n t e r i o r  f l u i d  po in t .  

TFBW-2 I n d i c a t e s  t h a t  a g r i d  point is an i n t e r i o r  s o l i d  p o i n t ,  and 
thus  does not e f f e c t  t h e  c a l c u l a t i o n .  

I n d i c a t e s  t h a t  a g r i d  point is a noncorner boundary po in t .  IFBW=3 

IFBW=4 I n d i c a t e s  t h a t  a g r i d  point is an inward co rne r  p o i n t .  

IFBW-5 I n d i c a t e s  t h a t  a g r i d  point is a re -en t r an t  co rne r  p o i n t .  

The FORTRAN v a r i a b l e  is dimensioned IFBW(NN,NN). 

s u p p l i e d  by t h e  u s e r ,  sub rou t ine  SETUP s e t s  up t h e  necessary  parameters  t o  

c o n t r o l  t h e  AD1 procedure.  I n i t i a l l y ,  t h e  g r i d  a r r a y  i n d i c a t o r  is in t roduced  

through NAMELIST LIST3. As t h e  s o l u t i o n  is marched downstream, t h e  va lues  of 

IFBW w i l l  remain unchanged. However, when it is d e s i r e d  t o  change t h e  

c r o s s - s e c t i o n a l  g r i d  s t r u c t u r e  th i s  can be accomplished by r e q u e s t i n g  t h a t  

NAMELIST LISTR be read. This  is determined by t h e  inpu t  FORTRAN v a r i a b l e  

NBRKX which is read  in NAMELIST LIST 3. 

Based upon t h e  in fo rma t ion  
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In  a d d i t i o n  t o  the  exp 

convenient a t  t h i s  po in t  t o  

d i r e c t  ion (XDIR) convent i o n  

a n a t i o n  of t he  g r i d  a r a y  i n d i c a t o r ,  i t  i s  

e x p l a i n  the  s u r f a c e  number (KSURF) convent ion and 

u t i l i z e d  throughout t h e  PEPSIN computer code. 

Seve ra l  input  v a r i a b l e s ,  e .g .  IBOUND(KSURF,IDIR) r e q u i r e  a knowledge of t h i s  

convention to c o r r e c t l y  inpu t  d a t a .  The boundary s u r f a c e s  are  numbered 

according to  a s u r f a c e  number r e l a t i v e  to a c r o s s - s e c t i o n a l  computa t iona l  

d i r e c t i o n .  The convent ion is  t o  a l low v a l u e s  o f  I D I R = 1  and 2 t o  correspond 

t o  t h e  y and z phys i ca l  d i r e c t i o n s ,  r e s p e c t i v e l y .  Re fe r r ing  t o  Fig.  12 ,  i t  

can  be seen t h a t  t he  s u r f a c e s  ( w i t h  r e s p e c t  t o  y - d i r e c t i o n )  are numbered 1 Y  

t o  1OY.  Th i s  corresponds t o  v a l u e s  of KSURF ranging from 1 to  10 and a v a l u e  

o f  I D I R  corresponding t o  the  y - d i r e c t i o n  i .e .  I D I R = 1 .  The analogous 

convention i s  a l s o  a p p l i e d  t o  the  z - d i r e c t i o n  s u r f a c e s .  Thus, t h e  v a l u e  o f  

KSURF r e p r e s e n t s  t h e  s u r f a c e  number r e l a t i v e  t o  a g i v e n  c r o s s - s e c t i o n a l  

d i r e c t i o n ,  I D I R .  

A d e s c r i p t i o n  o f  a l l  t he  PEPSIN inpu t  i n fo rma t ion  w i l l  be g i v e n  below. 

Card 1 

V a r i a b l e  - Format 
c Columns 

1 - 24 6 A 4  TITLE ( I 1 

4 4  

Card 2 

Columns 

1 - 2  

3 - 12 

Format 

112 

lF1O.O 

V a r  i q b  le 

ISYM 

SYSTEM 

Funct ion 

T i t l e  Card 

Function 

Reciprocal  of Symmetry 

SYSTEM = 1 - Quasi- 
C a r t e s i a n  Coord ina te s  

SYSTEM = 2 - Quasi- 
C y l i n d r i c a l  Coord ina te s  



Namelist Input  Descr ip t ion  

N a m e l i s t  or 
Var iab le  N a m e  

BEST 

IRSTIN 

IRSTOT 

JRSTIN 

JRSTOT 

NFILE 

NSAVED 

D e s c r i p t i o n  
Restart Options 

Marching s t a t i o n  number where d a t a  is t o  be read i n  
f o r  restart case. 

IRSTIN = 0: Dead s t a r t  case. 

IRSTIN f 0: R e s t a r t  case s t a r t e d  at s t a t i o n  IRSTIN. 
Defaul t :  0. 

I n t e r v a l  f o r  saving restart informat ion .  

IRSTOT = 0: No restart in fo rma t ion  is saved.  

IRSTOT f 0: Information is saved at each  IRSTOTth 

Defaul t :  0 
s t a t  ion. 

Logica l  f i l e  name of i npu t  restart f i l e .  
Defaul t :  10. 

Logica l  f i l e  n a m e  of cu tpu t  restart f i l e .  JRSTOT 
and JRSTIN do not have t o  be same f i le .  
Defaul t :  10: 

F i l e  number on u n i t  .JRSTIN d e s i r e d  f o r  restart. 
Defaul t :  0. 

Number of r e s t a r t  s t a t i o n s  saved on JRSTOT. 

On a restart by s e t t i n g  JRSTOT = JRSTIN and NFILE = 
NSAVED, one f i l e  can be used f o r  both r ead ing  and 
w r i t i n g  without des to ry ing  t h e  in fo rma t ion  
p rev ious ly  saved. 
Defaul t :  -1. 

45 



Namelist Input  Desc r ip t ion  

N a m e l i s  t or 
Var i ab le  Name 

REST 

ICOMP 

LIST1 

IHSTAG 

IBOUND(KSURF,IDIR) 

D e s c r i p t i o n  
Restart Options 

Flag f o r  computer o p t i o n s :  

ICOMP = 1: Univac computer op t ion .  

ICOMP = 2: CDC computer op t ion .  

ICOMP = 3: IBM computer - v i r t u a l  memory op t ion .  

I C O W  = 4: Disk w r i t i n g  computer op t ion .  
Defaul t :  4. 

Equat ions and Boundary Condi t ions  

IHSTAG = 0: Energy equa t ion  formula ted  i n  terms of 
s ta t ic  entha lpy .  

IHSTAG = 1: Energy equa t ion  formula ted  i n  terms of 
s t a g n a t i o n  en tha lpy .  

IHSTAG = 2: S tagna t ion  en tha lpy  is c o n s t a n t .  
Defaul t :  1. 

Boundary c h a r a c t e r i s t i c s  ( w a l l  or non-wal l )  
on s u r f a c e  KSURF i n  a computa t iona l  domain. 

IBOUND (KSURF,IDIR) = 1: S o l i d  w a l l  boundary. 

IBOUND (KSURF,IDIR) = 2: Non-wall boundary. 
Defaul t :  40*1. 

IEQBC(KSURF,IDIR,IEQ) Boundary cond i t ion  of t h e  governing equa t ion  IEQ 
on s o l i d  s u r f a c e  KSURF. 
Defaul t :  120*2, 40*16, 40*11, 80*2. 

JEQBC(KSURF,IDIR,IEQ) Boundary cond i t ion  of t h e  governing equa t ion  I E Q  
on non-wall  s u r f a c e  KSURF. 
Defaul t :  40*11, 20*2, 40*11, 20*2, 160*1. 

Boundary cond i t ion  op t ions  used f o r  e i t h e r  IEQBC or 
JEQBC are as fo l lows:  

4: 
P: 
T: 
n =  

n =  

s u b s c r i p t  C = 

-b 

Any dependent v a r i a b l e .  
Pressure .  
Temperature. 
Normal t o  boundary. 

Unit vec to r  pe rpend icu la r  t o  a x i s  of symmetry. 

C a r t e s i a n  component. 



Namelist Input  Desc r ip t ion  

LIST 1 Equat ions  and Boundary Cond i t ions  

Index D e s c r i p t i o n  

1 A 4  = 0 (No change of 4 a t  boundary) 

2 4 = 0  

3 V or W known 

4 pV or pW known 

5 A P = o  

6 P = PRESS(KSURF,IDIR) 

7 AT = 0 

8 T = TWALL(KSURF,IDIR) 

11 9 = 0 ( g r a d i e n t  of 4 normal t o  
an boundary s p e c i f i e d  at 

boundary ) 

Mach Line  E x t r a p o l a t i o n  u s i n g  
one-sided d i f f e r e n c e  weights  

-- 1-3 S l I p  boundary c o n d i t i o n  f o r  
v e l o c i t y  u s i n g  w a l l  f u n c t i o n  

1 4  - aP = 0 ( g r a d i e n t  of p r e s s u r e  normal 
an t o  boundary) 

15 - aP = c u r v a t u r e  ( p r e s s u r e  g r a d i e n t  
an normal to  boundary w i t h  

c u r v a t u r e  e f f e c t s  ) 

16 Momentum e q u a t i o n  i n  d i r e c t i o n  
normal t o  boundary 

17 

18 

19 

20 

- aT = 0 ( a d i a b a t i c  c o n d i t i o n  f o r  
an w a l l  or symmetry c o n d i t i o n  

for n o n - w a l l )  

aT = DTDN(KSURF,IDIR) - 
an 

Wall f u n c t i o n  boundary c o n d i t i o n  
for t empera tu re  

2 = 0 (same as 11, but a p p l i e d  a t  
an one g r i d  p o i n t  o f f  t h e  

47 



48 

N a m e l i s t  I npu t  Desc r ip t ion  

Equat ions and Boundary Cond i t ions  

D e s c r i p t i o n  

Mach Line E x t r a p o l a t i o n  u s i n g  
c e n t r a l  d i f f e r e n c e  scheme at  one 
po in t  off  t h e  boundary 

a2+ = o 
an2 

a2p = o 

- 41 

- 42 
n 

au,= 0 
an 

av,= 0 
an 
+ 

46 ncoW = 0 

LIST1 

Index 

21 

43 

44 

45 

-+ 
47 ncoVT = 0 

TWALL(KSURF,ID~R) S p e c i f i e d  tempera ture  on s u r f a c e  KSURF. 

Defau l t :  40*1.0. 

PRESS (KSURF , I D I R )  S p e c i f i e d  p r e s s u r e  on s u r f  ace KSURF. 

Defau l t :  40*0.0. 

DTDN(KSURF,IDIR) S p e c i f i e d  tempera ture  g r a d i e n t  on s u r f a c e  KSURF 

Defau l t  : 40*0 .O . 
ASW (KSURE', I D I R )  C o e f f i c i e n t  of a cub ic  polynomial f i t  f o r  KSURFth 
BSW(KSURF, IDIR) su r f  ace t o  determine t h e  a x i a l  l o c a t i o n  where 
CSW(KSURF,IDIR) boundary c h a r a c t e r i s t i c s  on s u r f a c e  KSURF should  be 
DSW (KSURF, I D I R )  changed from w a l l  t o  non-wal l  o r  v i c e  v e r s a ,  i.e., 

IBOUND(KSURF,IDIR) au tomat i ca l ly  changed. 



Namelist Input  Desc r ip t ion  

LIST 1 

LIST2 

IUNITS 

LREF 

REPL 

MINF 

PINF 

PR 

PRT 

PZERO 

Equat ions and Boundary Condi t ions  

Desc r ip t ion  

Defau l t  : 

A S W  = 40*1.OE + 10 

BSW = 40*0.0 

CSW = 40*0.0 

DSW = 40*0.0 

Freestream and Reference Condi t ions  

S e n t i n e l  f o r  u n i t s .  

IUNITS = 1: English u n i t s  

IUNITS = 2: Metr ic  u n i t s  
Defaul t :  2. 

Reference length.  ( f t  o r  meters) 
No d e f a u l t .  

Reynolds number per  u n i t  l e n g t h  ( f t - '  o r  m-') 
No d e f a u l t .  

Frees  tream Mach number 
No d e f a u l t .  

Frees t ream s t a t i c  p r e s s u r e  ( l b f / f t  2 o r  nt/m 2 ). 

No d e f a u l t .  

Laminar P rand t l  number. 
Defaul t :  0.74. 

Turbulent  P rand t l  number. 
Defau l t :  1.0. 

Frees t ream s t a g n a t i o n  p r e s s u r e  ( l b f  /f  t 2 o r  nt/m 2 ) 

No d e f a u l t .  
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Namelist Inpu t  D e s c r i p t i o n  

LIST3 Geometric Options 

ICORD F lag  f o r  c o o r d i n a t e  t r ans fo rma t ion .  

ICORD = 1: Conformal c o o r d i n a t e s  

ICORD = 2: Nonorthogonal c o o r d i n a t e s  

ICORD = 3: Nonorthogonal c o o r d i n a t e s  

x + x  
z + z  
y + Tl(X,Y,Z) 

Defaul t :  1. 

NE (IDIR) Number of g r i d  p o i n t s  i n  t h e  Y ( I D 1 R  = 1) and 
Z ( I D 1 R  = 2) d i r e c t i o n s .  

No d e f a u l t  va lues .  

NS L a s t  streamwise s t a t i o n  i n  each run. 
(So lu t ion  is marched from IRSTIN+l t o  NS). 

No d e f a u l t .  

XENTR, DELX, XENTR is t h e  i n i t i a l  streamwise l o c a t i o n .  DELX i s  
IAP(ICOUNT), AP(ICOUNT), t h e  i n i t i a l  s t e p s i z e  i n  t h e  streamwise (marching) 
DXMIN( ICOUNT) , d i r e c t i o n ,  i.e., X(2) = XENTR + DELX. A t  streamwise 
DXMAX(IC0UNT) s t a t i o n  I t h e  streamwise p o s i t i o n  is g iven  by 

X ( 1 )  = X(1-1)  + AP(X(1-1) - X(1-2)) where i f  AP is 
greater than  1.0, t h e  streamwise s t e p  s i z e  w i l l  
i n c r e a s e  by (AP-1.0) pe rcen t  each s t e p .  I f  AP is 
less than  1.0, t h e  streamwise s t e p  s i z e  w i l l  
dec rease  by (1.0-AP) pe rcen t  each s t e p .  DXMIN and 
DXMAX are lower and upper o v e r r i d i n g  l i m i t s  on t h e  
s t e p  s i z e .  AP, DXMIN and DXMAX are dimensional  so  
t h a t  streamwise s t e p  s i z e  v a r i a t i o n  can be changed 
by t h e  IAP parameter ,  IAP deno t ing  t h e  streamwise 
l o c a t i o n  where these  v a r i a b l e s  change. Values of 
XENTR and DELX should normally only be set  on t h e  
i n i t i a l  run as these  v a r i a b l e s  are a u t o m a t i c a l l y  
c a l c u l a t e d  f o r  restarts. Maximum ICOUNT i s  10. 



I N a m e l i s t  Input  Descr ip t ion  

LIST3 1 Geometric Options 

Defaul t  : 

XENTR, DELX, XENTR = 0.0 
IAP(ICOUNT, AP(ICOUNT), IAP = 1,9*1000000 

DXMAX( ICOUNT) , 
(CONTINUED) DXMAX = 10*1.OE + 06 

DXMIN( ICOUNT 1, AP = 10*1.0 
DXMIN = 1O"O.O 

I DELX = No d e f a u l t .  

1 IGEOM F l a g  f o r  coord ina te  op t  i o n s  

IGEOM = 1: Car te s i an  c o o r d i a t e s  

IGEOM = 2: C y l i n d r i c a l  c o o r d i n a t e s  

IGEOM = 3: Polar  c o o r d i n a t e s  

TWOD 

I TTl ( I D I R )  

TT2 ( I D I R )  

IGEOM = 10: General c r thogona l  c o o r d i n a t e s  
(Car t e s i an  in c r o s s  p l a n e )  

IGEOM = 11: General o r thogona l  c o o r d i n a t e s  

u e f a u i t t  I. 
(axisymmetric) - 

S e n t i n e l  f o r  two-dimensional op t ion .  
I f  TWOD = .TRUE. TWO DIMENSIONAL 
I f  TWOD = .FALSE. THREE DIaNSIONAL 

Defau l t :  .FALSE. 

Grid d i s t r i b u t i o n  f a c t o r  (lower s u r f a c e  ( I D I R = l )  - 
or ,  l e f t  s u r f a c e  (IDIR=2)). The c l o s e r  the va lue  is 
t o  1.0, t h e  t i g h t e r  t h e  packing. 

Defaul t :  2*0.0. 

Grid d i s t r i b u t i o n  f a c t o r  (upper s u r f a c e  ( I D I R = l )  - 
o r ,  r i g h t  su r f ace  (IDIR=2)). The c l o s e r  t he  va lue  
is  t o  1.0, t h e  t i g h t e r  t h e  packing. 

Defau l t :  2*0.0. 
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Namelist Input  Desc r ip t ion  

LIST3 

T2 ( IDIR) 

XO( IDIR) 

Y S (ILIM, I D I R )  

IFBW(JY ,KZ) 

XBRKX( ICOUNT) 

Geometric Options 

Grid d i s t r i b u t i o n  f a c t o r  (Y-di rec t ion  (IDIR=l)  - o r  
Z-d i rec t ion  (IDIR52)). The l a r g e r  t h e  va lue  is, t h e  
t i g h t e r  t h e  packing. 
The va lue  should not  exceed 5.0. 

Use i n  con junc t ion  wi th  Xo. 

Defaul t :  2*0.0 

C l u s t e r i n g  l o c a t i o n  of g r i d  p o i n t s  w i t h i n  t h e  
computat ional  domain (XO(1) is Y-locat ion and XO(2) 
is  Z-locat ion) .  Use i n  con junc t ion  wi th  T2. 

Defau l t :  2*0.0 

Define computat ional  domain i n  Y-Z c r o s s  plane.  
ILIM d e f i n e s  e i t h e r  lower o r  upper l i m i t ,  
ILIM=l(LOWER), ILIM=2(UPPER). 

YS(1,l)  = 0.0 - lower l i m i t  Y-direct ion 
YS(2, l )  = 1.0 - upper l i m i t  Y-d i rec t ion  
YS(l,2) = 0.0 - lower l i m i t  Z-d i rec t ion  
YS(2,2) = 1.0 - upper l i m i t  Z-d i rec t ion  
Defaul t :  0.0, 1.0, 0.0, 1.0. 

Grid a r r a y  i n d i c a t o r  needed t o  set up t h e  
computat ional  domain i n  t h e  c r o s s  p l ane  a t  each  
streamwise s t a t i o n .  
IFBW(JY,KZ) No ta t ion  

IFBW = 1 - I n t e r i o r  f l u i d s  p o i n t  
IFBW = 2 - I n t e r i o r  s o l i d s  p o i n t  
IFBW = 3 - Convent ional  boundary p o i n t  

( f l u i d s  o r  s o l i d s )  
IFBW = 4 - Boundary po in t  outward c o r n e r  
IFBW = 5 - Boundary po in t  inward co rne r  

No d e f a u l t .  

Streamwise (marching d i r e c t i o n )  p h y s i c a l  l o c a t i o n s  
where an embedded s o l i d  body starts o r  ends. 
Maximum ICOUNT is 5. 
Defaul t :  5*1.OE+06. 



Namelist Input  Desc r ip t ion  

Geometric Opt ions  

LIST3 

NBRKX 

IBRKMN( KZ, ICOUNT) 

IBRKMX( IC2 , ICOUNT) 

IEDGE 

LIST4 

IBCP( LP) 

DELTAP( IBCP , LP) 

CFP ( IBCP , LP) 

T o t a l  number of  t h e  streamwise loca t ions  w h s e  
embedded s o l i d  bodies s t a r t  or t e r m i n a t e .  
Defaul t :  0. 

Minimum Y index of t h e  g r i d  p o i n t s  which change 
t h e i r  c h a r a c t e r i s t i c s  a t  each  spanwise (KZ) l o c a t i o n  
of  t h e  c ross -sec t ion .  M a x i m u m  ICOUNT is NBRKX. 
D e  f a u l  t : 500*0. 

M a x i m u m  Y index  of t h e  g r i d  p o i n t s  which change 
t h e i r  c h a r a c t e r i s t i c s  a t  each spanwise (KZ) Locat ion 
o f  t h e  c ross -sec t ion .  Maximum ICOUNT i s  NBRKX. 
Defaul t  : 500*0. 

Flag  which te l ls  whether g r i d  p o i n t  changes i t s  
c h a r a c t e r i s t i c s  from f l u i d s  t o  so l ids  or v i c e  v e r s a .  

IEDGE = 0: From f l u i d s  t o  s o l i d s .  

IEDGE = 1: From s o l i d s  t o  f l u i d s .  
No d e f a u l t .  

I n i t i a l  P r o f i l e ,  Turbulence  In fo rma t ion  

Basic s u r f a c e  €or i n i t i a l  p r o f i l e  g e n e r a t i o n  f o r  
LPth loop.  

Boundary Layer P r o f i l e  i n  a l o o p  

a t  lower s u r f a c e  1 
a t  upper s u r f a c e  2 
a t  l e f t  s u r f a c e  3 
a t  r i g h t  s u r f a c e  4 

D e f a u l t :  1. 

IBCP = 1 
IBCP = 2 
IBCP = 3 
IBCP = 4 

Boundary l a y e r  th ickness  on s u r f a c e  IBCP o f  LPth 
loop needed t o  genera te  t h e  i n i t i a l  p r o f i l e  
re ferenced  t o  each s u r f a c e .  
No d e f a u l t .  

Skin f r i c t i o n  c o e f f i c i e n t  on s u r f a c e  IBCP o f  LPth 
loop needed t o  genera te  t h e  i n i t i a l  t u r b u l e n t  
boundary l a y e r  p r o f i l e .  
No d e f a u l t .  
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IPROF Flag for i n i t i a l  p r o f i l e  options.  

IPROF = 1: Freestream prof i l e s  

IPROF = 2: I n i t i a l  prof i l e s  supplied by user 

IPROF = 3: Boundary layer prof i l e s  based on 
necessary input 

IPROF = 4 :  Same as IPROF=3, but angular components 
are obtained for general orthogonal 
coordinates. 

Default value i s  1. 



?!ame:ist Input Description 

LIST4 

I M I X L  

I n i t i a l  P r o f i l e ,  Turbulence Informat ion  

Flag  f o r  mixing l eng th  o p t i o n s .  

I M I X L  = 1: 

I M I X L  = 2: 

I M I X L  = 3: 

I M I X L  = 4: 

I BETA 

YAW 

I V I S C  

I M I X L  = 5 :  

IMIXL = 6: 
Defaul t :  1. 

McDonald-Camarrata mixing l e n g t h  model 
based on p r e s c r i b e d  boundary l a y e r  
th ickness  (DELT-AB). With w a l l  s h e a r  
value used t o  calculate nondimensional 
d i s t a n c e  

Buleev mixing l e n g t h  model 

McDonald-Camarrata mixing l e n g t h  model 
based on dynamical ly  ob ta ined  boundary 
layer th i ckness  w i t h  f i x e d  w a l l  s h e a r  

Same as I M I X L  = 1, but l o c a l  s h e a r  i s  
used t o  c a l c u l a t e  nondimensional 
d i s t a n c e  

Same as I M I X L  = 3, but l o c a l  s h e a r  is 
used 

Mixing l e n g t h  model f o r  j e t  f low 

Angle of a t t a c k  i n  degrees .  
Defaul t :  0.0. 

Yaw ang le  in degrees.  
Defaul t :  0.0. 

F lag  f o r  v i s c o s i t y  o p t i o n s .  

IVISC = 1: Constant v i s c o s i t y  

IVISC = 2: Laminar v i s c o s i t y  ob ta ined  from 
Suther land ' s  r e l a t i o n  

I V I S C  = 3: Turbulent v i s c o s i t y  is ob ta ined  
from mixing l e n g t h  model 

IVISC = 4: Turbulent v i s c o s i t y  ob ta ined  from 

Defau l t :  1. 
TKE - mixing l e n g t h  model 

DELTAB(KSURF,IDIR) S p e c i f i e d  boundary l a y e r  t h i c k n e s s  on s u r f  ace KSURF 
f o r  mixing length model of t u rbu lence .  
No d e f a u l t  values. 
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N a m e l i s t  I npu t  Desc r ip t ion  

LIST4 

ITRANS 

IBLT 

TKEINF 

NPROF (LP) 

I D I R P  

LIST5 

IVARPR( I )  

I n i t i a l  P r o f i l e ,  Turbulence In fo rma t ion  

F lag  which te l ls  whether t r a n s i t i o n  tu rbu lence  model 
l o g i c  is used. 

ITRANS = 0: No t r a n s i t i o n a l  model is used 

ITRANS # 0: T r a n s i t i o n a l  model is used 
Defaul t :  0. 

Flag which tells whether boundary l a y e r  t h i ckness  is  
i n p u t  o r  c a l c u l a t e d  dynamical ly .  

IBLT = 0: Boundary l a y e r  t h i c k n e s s  is inpu t  

IBLT # 0: Boundary l a y e r  t h i c k n e s s  is dynamical ly  

Defau l t :  0. 
ca 1 cu l a  t ed . 

Frees t ream t u r b u l e n t  k ine t ic  energy. 
Defaul t :  0.0. 

Number of i n i t i a l  p r o f i l e s  genera ted  f o r  each loop  
i n  Y or Z-direct ion.  
Defaul t :  10*0. 

Basic d i r e c t i o n  f o r  i n i t i a l  p r o f i l e  gene ra t ion .  

IDIRF' = 1: Y-di rec t ion  

I D I R P  = 2: 2 -d i r ec t ion  
Defaul t :  2. 

F i l e  Output In fo rma t ion  

Index of v a r i a b l e s  t o  be p r i n t e d .  Needed on ly  
f o r  three-dimensional  flow. 

IVARPR(1) = 0: No p r i n t  

IVARPR(1) = 1: P r i n t  every  IPRINT s t e p s  

IVARPR(1) = 2: P r i n t  every  JPRINT s t e p s  

I = 1: UVEL 
I = 2: W E L  
I = 3: WVEL 
I = 4: Dens i ty  
I = 5: Enthalpy 
I = 6: Turbulent  k i n e t i c  energy 
I = 7: Turbulen t  d i s s i p a t i o n  
Defaul t :  5*1, 2*0, 3*1, 7*0, 1, 3*0, 1, 3*0. 
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LISTS 

IPLOT 

ZPRINT 

t 
JPRINT 

Namelist Input D e s c r i p t i o n  

I n i t i a l  P r o f i l e ,  Turbulence Informat ion  

I = 8: 
I = 9: 
I = 10: 
I = 11: 
I = 12: 
I = 13: 
I = 14: 
I = 15: 
I = 16: 
I = 17: 
I = 18: 
I = 19: 
I = 20: 
I = 21: 
I = 22: 
I = 23: 

I = 24: 
I = 25: 

Pressure 
Temperature 
Mach No. 
Mach No. i n d i c a t o r  
S tagnat ion  t empera tu re  
S tagnat ion  p r e s s u r e  
P r e s s u r e  c o e f f i c i e n t  
Laminar v i s  cos  i t  y 
Mixing l e n g t h  
Turbulent  v i s  cos i t y  
E f f e c t i v e  v i s c o s i t y  
Di s s ipa t ion  f u n c t i o n  
C e l l  Reynolds number i n  Y-di rec t ion  
C e l l  Reynolds number in 2-d i r ec t ion  
ISS and JBOUND 
Heat t r a n s f e r  c o e f f i c i e n t ,  s k i n  f r i c t i o n  

Boundary l a y e r  t h i c k n e s s  
Cross - sec t iona l  average  of flow p r o p e r t i e s  

c o e f f i c i e n t  and h e a t  t r a n s f e r  rate 

Marching s t a t i o n  i n t e r v a l  f o r  s t o r a g e  of p l o t t i n g  
informat ion .  

IPLOT = 0: No p l o t t i n g  

IPLOT * 0 :  Stcre p h t t i r r g  infgrmation every  
IPLOT s t a t i o n  

Defaul t :  0. 

Primary matching s t a t i o n  i n t e r v a l  f o r  p r i n t i n g .  

Defaul t :  1.  

Secondary marching s t a t i o n  i n t e r v a l  f o r  p r i n t i n g .  

Defaul t :  1. 
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Namelist Input Description 

Reset Information for Cross-Section 

LISTB 

IFBW 

IBOUND 

IEQBC 

JEQBC 

DTDN 

WALL 

PRESS 
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See LIST3 

See LISTl 

See LISTl 

See LIST1 

See LISTl 

See LISTl 

See LISTl 



E r r o r  Condi t ions  i n  the PEFSifi Computer Code 

F a i l u r e  of t h e  PEPSIN computer code t o  s u c c e s s f u l l y  execute  a runstream 

can occur  because of e i t h e r  i n c o n s i s t e n t  or  i n c o r r e c t  i n p u t  d a t a  o r  because 

of an a t t e m p t  t o  apply  t h e  PEPSIN code t o  a case where t h e  phys ics  v i o l a t e  

t h e  assumptions i n h e r e n t  in t h e  code. This s e c t i o n  w i l l  address  only t h e  

former mode of f a i l u r e .  Avoidance of t h e  lat ter f a i l u r e  mode is dependent 

p r i m a r i l y  on t h e  u s e r s  unders tanding  of t h e  b a s i c  phys ics  of t h e  case he is 

going  to  run, and t h e  degree  t o  which t h e  PEPSIN code can be expected t o  

model t h e  phys ics .  

One method of d i s c u s s i n g  t h e  i n c o n s i s t e n t  o r  i n c o r r e c t  i npu t  d a t a  mode 

of f a i l u r e  is by examining t h e  p o s s i b l e  f a i l u r e s  in t h e  va r ious  s u b r o u t i n e s .  

S ince  t h e  i n d i v i d u a l  sub rou t ines  are re spons ib l e  f o r  s e p a r a t e  t a s k s  du r ing  

t h e  execu t ion  of a run, (e.g. o v e r a l l  c o n t r o l  of t he  program geometry 

g e n e r a t i o n ,  etc.), t h i s  technique  w i l l  in essetce o u t l i n e  t h e  p o s s i b l e  

f a i l u r e  modes as t h e  tasks are performed. D i scuss ion  w i l l  occur  in t h e  same 

o r d e r  as t h e  run is executed. 

SUBROUTINE RESTRT 

There a r e  two modes by which SUBROUTINE RESTRT can f a i l .  Both invo lve  
2 - -__-  _ _ _ ^  ~ m p ~ ~ ~ ~ ~  ,,-= of thc restirt file, A message, RESTART INFORMATION REQUESTED 

AT (IRSTIN marching number) BUT STORED INFORMATION AT SEQUENCE (NFILE) IS AT 

STATION ( S t a t i o n  number 1. 
number read  o f f  t h e  NFILEth restart f i l e  does not  match t h e  i n p u t  va lue  of 

IRSTIN. The c o r r e c t i v e  a c t i o n  is t o  make NFILE and IRSTIN c o n s i s t e n t  w i t h  

each  o the r .  Another p o s s i b l e  mode of f a i l u r e  occurs  when NFILE exceeds t h e  

number of f i l e s  on t h e  restart device ,  JRSTIN, in which case an END OF 

INFORMATION ( o r  analogous s t a t e m e n t )  w i l l  appear  in t h e  day f i l e .  The 

c o r r e c t i v e  a c t i o n  is t o  recheck t h e  input  va lue  of NFILE. I f  JRSTIN f 

JRSTOT, t h e  va lue  of NFILE is t h e  number of t h e  restart on dev ice  JRSTIN. 

This  message occurs  because t h e  marching s t a t i o n  

SUBROUTINE INPUTS 

There are two f a i l u r e  modes in SUBROUTINE INPUTS. On t h e  f i r s t  case, 

t h e  message NS = ( i n p u t  value of NS) GUATER THAN NSMAX = (dimension of X 

v e c t o r )  will be p r i n t e d  i f  t h e  number of marching s t a t i o n s  exceeds t h e  

d imens iona l  va lue  of X, t h e  s t reamwise l o c a t i o n s .  The c o r r e c t i v e  a c t i o n  is 
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t o  lower t h e  va lue  of NS. The second f a i l u r e  mode occurs  when t h e  Buleev 

turbulence  model is s p e c i f i e d  f o r  a two-dimensional case. S ince  t h i s  model 

is no t  app l i cab le  t o  two-dimensional cases, t h e  message CANNOT USE BULEEV 

TURBULENCE MODEL I N  TWO-DIMENSIONAL FLOW is p r i n t e d .  The c o r r e c t i v e  a c t i o n  

is t o  spec i fy  an a l t e r n a t e  tu rbu lence  model. 

SUBROUTINE SETUP 

I f  g r i d  po in t  c h a r a c t e r i s t i c s  i n d i c a t o r ,  IFBW, is not  c o r r e c t l y  

s p e c i f i e d ,  SUBROUTINE SETUP can f a i l .  

TO INCORRECT IFBW is p r i n t e d ,  the c o r r e c t i v e  a c t i o n  is t o  recheck IFBW 

s p e c i f i e d  i n  INPUT DATA. 

computat ional  domain boundary which is s p e c i f i e d  by boundary i n d i c a t o r .  

When t h e  message FAILURE I N  SETUP DUE 

IFBW should c o n t a i n  an in fo rma t ion  on t h e  

SUBROUTINE GEOTRB 

A t  p re sen t  SUBROUTINE GEOTRB is coded t o  c a l c u l a t e  metric in fo rma t ion  

f o r  values  of IGEOM = 1, 2, 3, 10 and 11. Values of IGEOM 4-9 are l e f t  f o r  

v a r i o u s  coord ina tes  t h a t  may be coded in t h e  f u t u r e .  Inpu t  va lue  of IGEOM = 

4-9 w i l l  r e s u l t  in t he  message INVALID OPTION I N  GEOTRB. 

a c t i o n  is t o  e i t h e r  change t h e  va lue  of IGEOM o r  t o  code in a new opt ion .  

For IGEOM op t ions  10 and 11 (conformal-Cartesian c ros s - sec t ion  and 

conformal-axisymmetric c ros s - sec t ion )  t h e  metric in fo rma t ion  is e x t e r n a l l y  

genera ted  by t h e  ADD computer code. I n  t h i s  case, l o g i c a l  f i l e  u n i t s  JDRUM 

and KDRUM mst be def ined .  JDRUM con ta ins  t h e  ADD code d a t a  which is then  

i n t e r p o l a t e d  onto  t h e  PEPSIN mesh system. I f  t h e  PEPSIN va lues  of t h e  

streamwise coord ina te  is less than  t h e  f i r s t  va lue  of t h e  ADD code streamwise 

coord ina te  no streamwise i n t e r p o l a t i o n  is p o s s i b l e  and t h e  message FAILURE I N  

GEOTRB - SQ12 = (PEPSIN p o s i t i o n )  SQ1 = ( f i r s t  ADD code p o s i t i o n )  SQ2 = 

(second ADD code p o s i t i o n ) .  The c o r r e c t i v e  a c t i o n  is t o  i n c r e a s e  t h e  v a l u e  

of XENTR ( t h e  f i r s t  PEPSIN p o s i t i o n )  t o  a va lue  g r e a t e r  than  SQ1. 
o t h e r  hand, i f  t h e  value of a PEPSIN streamwise coord ina te  exceeds t h e  las t  

streamwise p o s i t i o n  genera ted  by t h e  ADD code and END OF INFORMATION message 

w i l l  appear in the day f i l e .  The c o r r e c t i v e  a c t i o n  is t o  ei ther r e run  t h e  

ADD code such t h a t  t h e  maximum PEPSIN streamwise coord ina te  does not  exceed 

the  maximum ADD code streamwise coord ina te  o r  t o  reduce t h e  maximum PEPSIN 

streamwise coord ina te  t o  an a c c e p t a b l e  value.  

The c o r r e c t i v e  

On t h e  
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SIJRROUTINE INTEBC 

SUBROUTINE INTEBC p e r f o r m  a two-dimensional l i n e a r  i n t e r p o l a t i o n  of 

t h e  t r a n s p i r a t i o n  schedules  on both X-Y planes at  X-2 p lanes .  If t h e  number 

of streamwise s t a t i o n s  on a s u r f a c e  a t  which d a t a  is i n p u t  exceeds 15 ( t h e  

d imens iona l  s i z e  of t h e  d a t a  a r r a y s )  a message FAILURE I N  INTEBC VALUE OF 

NPTSX ( s u r f a c e  number I B C )  = (va lue  of NPTSX(1BC) EXCEEDS DIMENSION LIMITS OF 

15 is p r i n t e d .  The c o r r e c t i v e  a c t i o n  is e i t h e r  t o  updimension NPTSX and 

a s s o c i a t e d  v a r i a b l e s  o r  t o  dec rease  t h e  value of NPTSX. Likewise,  in t h e  Y 

o r  Z d i r e c t i o n  d a t a  can be i n p u t  at up t o  15 l o c a t i o n s .  I f  t h e  va lue  of 

NPTSYZ exceeds 15, t h e  message FAILURE I N  INTEBC VALUE OF NPTSYZ (s t reamwise 

l o c a t i o n ,  s u r f a c e  number) = (va lue  of NPTSYZ) EXCEEDS DIMENSION LIMITS OF 15 

1s p r i n t e d .  The c o r r e c t i v e  a c t i o n  is e i t h e r  t o  updimension NPTSYZ and 

a s s o c i a t e d  v a r i a b l e s  o r  t o  dec rease  t h e  value of NPTSYZ. 

SUBROUTINE QUICK 

I f  t h e  choice  of boundary c o n d i t i o n s  is i n c o r r e c t l y  made, i t  is 
p o s s i b l e  t h a t  a s i n g u l a r  ma t r ix  w i l l  r e s u l t .  This  w i l l  mani fes t  i t s e l f  in 

SUBROUTINE QUICK i n  an a t t e m p t  t o  d i v i d e  by zero .  The c o r r e c t i v e  a c t i o n  is 

t o  r e -eva lua te  t h e  choice  of i n p u t  boundary c o n d i t i o n s  t o  de te rmine  t h e  

source  of t h e  s i n g u l a r i t y .  

conciicion set wouid %be t o  choose zs Llxx~ndary tcr?di+, icxs  the three no-slip 

c o n d i t i o n s  f o r  t h e  t h r e e  momenta equa t ions ,  t h e  normal p r e s s u r e  c o n d i t i o n  f o r  

t h e  c o n t i n u i t y  equa t ion  and t h e  normal momentum equa t ion  f o r  t h e  en tha lpy  

equat ion .  I n  t h i s  ca se ,  t h e  en tha lpy  does not  appear  i n  any of t h e  boundary 

c o n d i t i o n s ,  and hence a s i n g u l a r  ma t r ix  would r e s u l t .  

An example of an improper choice  of a boundary 

SUBROUTINE CROSEC 

Often ,  i f  a case is not going t o  s u c c e s s f u l l y  run, t h e  code will cease 

o p e r a t i o n  in SUBROUTINE CROSEC. This  w i l l  occur  because of t h e  e x i s t e n c e  of 

a nega t ive  tempera ture  i n  which case  t h e  Mach number c a l c u l a t i o n  w i l l  f a i l  i n  

SQRT. There can be many reasons f o r  t h i s  f a i l u r e  mode. Usual ly ,  however, i t  

can be r e l a t e d  t o  inadequate  numerical  r e s o l u t i o n  of t h e  p h y s i c a l  p rocesses  

t h a t  are occurr ing .  For i n s t a n c e ,  a l a c k  of t r a n s v e r s e  g r i d  p o i n t s  might 

lead  t o  l a r g e  o s c i l l a t i o n s  i n  t h e  p re s su re  o r  t oo  l a r g e  a streamwise s t e p  i n  

t h e  reg ion  where a w a l l  i n c l i n a t i o n  is r a p i d l y  changing might r e s u l t  i n  a 

tempera ture  becoming negat ive .  Sometimes it is d i f f i c u l t  t o  know a p r i o r i  - 
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what g r i d  r e s o l u t i o n  is necessa ry  f o r  a g iven  problem. Usual ly ,  

experimentat ion wi th  two-dimensional cases can i r o n i c a l l y  provide  some gu ide  

l i n e s  f o r  three-dimensional  cases. T h i s  in a d d i t i o n  wi th  t h e  u s e r s '  o v e r a l l  

experience wi th  t h e  code and h i s  unders tanding  of t h e  p h y s i c a l  p rocesses  w i l l  

u s u a l l y  provide t h e  means of r e s o l v i n g  t h e  above problem. 

SUBROUTINE WHERE 

There are two modes by which SUBROUTINE WHERE can f a i l .  For t h e  f i r s t  

case, the message PROBLEM I N  SUBROUTINE WHERE MSECY = m JX-1 JY-2 

w i l l  be pr in t ed  where n l ,  n2 and "3 refers t o  x, y and z l o c a t i o n  

r e s p e c t i v e l y  i f  MSECY is not  c o r r e c t l y  s p e c i f i e d ,  i.e., no t  c o n s i s t e n t  w i th  'e 

t h e  number of Y-perspective subsec t ions .  The c o r r e c t i v e  a c t i o n  is t o  

i n c r e a s e  the  va lue  of MSECY corresponding  t o  t h e  number of Y-perspec t ive  

subsec t ions .  The second f a i l u r e  mode occurs  when MSECZ is not  c o n s i s t e n t  

w i t h  the number of Z-pe r spec t ive  subsec t ions .  I n  t h i s  case, t h e  message 

PROBLEM I N  SUBROUTINE WHERE MSECZ = m JX'ul JY-2  KZ-3 is p r i n t e d  wi th  "1, 

n2 and n3 r e f e r r i n g  t o  x ,y  and z l o c a t i o n  r e s p e c t i v e l y .  The c o r r e c t i v e  

a c t i o n  is t o  i n c r e a s e  t h e  va lue  of MSECZ corresponding t o  t h e  number of 

Z-perspec t ive  subsec t ions .  
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PEPSIN FORTRAN V a r i a b l e s  

F O R T R A N  COHWON 
S Y N B O L  B L O C K  

ACON L A W  

A G ( N N , 9 , 2 )  O P E R  

A G E 0  GEOM 

A G l l r l 9 )  F G C O f l  

A G l P  F G C O U  

AG2D(9) F G C O U  

AHP(5) F G C O H  

AHlD(5,S) F G C O H  

A IE( N N ,  7 1 

A H ( N C P L D , 3 ~ N C P L D + l ) C C O H  

P R F  I L E  

A M A C R I  

A N ( N E O S , N N )  

AP(10) 

A P L U S  

ASW( 20 2 )  

AU I S C  ( 2,  N E Q S  1 

E E T A  

b G E O  

S L O C K l ( I A D D 3 )  

B L O C K 2 (  I A D D B )  

S U P E R  

L I N  

G E O t l  

LAUW 

BOUND 

v I S C  

R E F  

G E O H  

D E S C R  I P T  I O N  

C O N S T A N T  I N  ARGUHENT OF E X P O N E N T I A L  F U N C T I O N  

F O R  TRANS IT I O N A L  f l O D E L  

D I € F E R E N C E  U E I G H T S  I N  P H Y S I C A L  C O O R D I N A T E S  

COEPPIC IENTS OF POLYNOHIAL FIT FOR B o u N r m Y  SHAPE 

T E H P O R A R Y  S T O R A G E  A R R A Y  O F  M E T R I C  I N F O R M A T I O N  

T E H P O R A R Y  S T O R A G E  A R R A Y  O F  M E T R I C  I N F O R W A T I O N  

T E M P O R A R Y  S T O R A G E  ARRAY OF f l E I R I C  I N F O R H A T I O N  

I E H P O R A R Y  S T O R A G E  A R R A Y  OF H E T R I C  I N F O R t l A T I O N  

T E M P O R A R Y  S T O R A G E  ARRAY O F  H E T R  IC I N F O R M A T  I O N  

I N  IT I A L  P R O F I L E  A R R A Y  

U T I L I T Y  t i A T k I X  USED I N  B L O C K  f l A T R I X  I N V E R S I O N  

H A C H  N U t l B E R  C R I T E R I O N  U S E D  I N  L O C A T I N G  S O N I C  L I N E  

S T O R A G E  F O R  L I N E A R I Z A T  I O N  C O E F F I C I E N T S  OF 

X - D E R I V A T I V E S  

A H P L I F I C A T I O N  R A T E  O F  f l A R C H I N G  S T E P  SIZE 

C O N S T A N T  I N  ARGUf lENT O F  E X P O N E N T I A L  

F U N C T I O N  F O R  VAN D R I E S T  D A M P I N G  F O R H U L A  

C O E F F  IC IENTS OF P O L Y N O H I A L  F IT F O R  S W I T C H  I N G  THE 
B O U N D A R Y  S U R F A C E  T Y P E  

C O E F F I C I E N T  USED I N  ART IF I C  I A L  D A H P  I N G  

A N G L E  O F  A T T A C K  

C O E F F I C I E N T S  OF P O L Y H O H I A L  F I T  €OR BOUNDARY S H A P E  

S T O R A G E  €OR ADD C O D E  f l E T R I C  I N F O R H A T I O N  

EQU I U A L E N C E D  TO C ( 1,1,1) 

S T O R A G E  F O R  ADD C O D E  f l E T R I C  I N F O R H A T I O N  

E Q U I U A L E N C E D  T O  C (  1 1 ,HN/2+1) 
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F O R T R A N  
S Y H b O L  

B L I H (  NN,5,4 1 

BSW (20 ,2)  

BWD 

B W D I  

C ( N N  NCPLD,") 

C D U H ( N D 1 E I )  

C F P (  4,101 

C G E O  

C f l U  I N F  

C O N G E 0  ( 1 1 M N  1 

C O N U D R  

C O N U H D  

C o o k (  N N ,  4 )  

C O O R N ( N N ,  4 )  

CP I N F  

C P R E F  

C P R E F  I 

C R  I T U  

C S O L N ( N C P L D , N N )  

csw ( 20,2) 

COMHON 
B L O C K  

LAWW 

BOUND 

L I N  

L I N  

C C O H  

P H F I L B  

G E O H  

u ISC 

G E O H  

U N I T S  

U N I T S  

G E O H  

G E O H  

F R E E  

R E F  

R E F  

O P E R  

CCOM 

BOUND 

D E S C R  I P T  I O N  

D Y N A M I C A L L Y  D E I E R H I N E D  B O U N D A R Y  L A Y E R  T H I C K N E S S  

C O E F F  IC I E N T S  O F  P O L Y  NOH I A L  F I T  F O R  SU I T C H  I N G  T H E  

B O U N D A R Y  S U R F A C E  T Y P E  

C R A N K - N I C H O L S O N  F A C T O R  

I N V E R S E  OF BWD 

B L O C K  D I A G O N A L  H A T R I X  E L E M E N T S  

T E H P O H A R Y  S T O R A G E  A R R A Y  T O  R O T A T E  D A T A  F R O H  C O L U M N S  

T O  ROWS A N D  V I C E  V E R S A  - E Q U I U A L E N C E D  T O  C ( l , l , l )  

N D I H  = HZUAR A H L E U E L  A N N  

St< I N  F R  I C 1  I O N  C O E F F  IC I E N T  

C O E F F I C I E N T S  O F  P O L Y N O M I A L  FIT F O R  B O U N D A R Y  S H A P E  

C O N S I A N T  I N  T U R B U L E N T  U I S C O S  I T Y  HODEL 

C O O R D I N A T E  T R A N S F O R H A T I O N  I N F O R M A T I O N  

C O N V E R S I O N  F A C T O R  I N  G O I N G  F R O H  D E G R E E S  T O  R A D I A N S  

C O N V E R S I O N  F A C T O R  I N  G O I N G  F R O H  R A D I A N S  TO D E G R E E S  

P H Y S I C A L  COORD I N A T E  I N F O R M A T  I O N  W I T H  R E S P E C T  

TO A B S O L U I E  O R I G I N  A T  N + l S T  S T R E A H W I S E  L O C A T I O N  

P H Y S I C A L  C O O R D I N A T E  I N F O R H A T I O N  W I T H  R E S P E C T  

T O  A B S O L U I E  O R G I N  A T  N T H  S T R E A H W I S E  S T A T I O N  

F R E E  S T H E A H  S P E C I F I C  H E A T  

R E F E R E N C E  P R E S S U R E  C O E F F I C I E N T  

I N V E R S E  O F  R E F E R E N C E  P R E S S U R E  C O E F F I C I E N T  

C R I T I C A L  V E L O C I T Y  U S E D  F O R  F L A R E  A P P R I I X I M A T I O N  

S O L U T I O N  TO B L O C K  TR I - D  I A G O N A L  H A T R I X  I N V E R S  I O N  

C O E F F I C I E N T S  OF P O L Y N O M I A L  F I T  F O R  S W I T C H I N O  THE 

b O U N u A R Y  S U R F A C E  T Y P E  
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F O R T R A N  
S Y H B O L  

C T U O  

C X  I ( N D  IFM) 

C X X  I( N D I F H )  

C l ( N N 1  

C l S U T H  

C Z ( N N )  

C Z S U T H  

C 3 ( N N )  

C4(") 

D 

D E L H A X ( N E Q S 1  

D E L T A B ( 2 0 , 2 )  

D E L T A P ( 4 , l O )  

D E L X  

D G E O  

D I F O P  ( 6  1 

D L  

- 

COKHON 
B L O C K  

R E F  

ADDR 

ADDR 

ccotl 
v ISC 

ccon 
v ISC 

C C O H  

CCOW 

V AR 

E Q N  

L A U U  

PRF I L E  

G E O H  

GEOM 

O P E R  

VAR 

C C O H  

C C O H  

CCOM 

D E S C h  I Y T  I O N  

N U f l E R I C A L  C O N S T A N T  I N  G O V E R N I N G  E Q U A T I O N  

S T O R A G E  FOR F I R S T  D E R I V A T I V E  D I F F E R E N C E  U E I G H T S  

S T O R A G E  F O R  S E C O N D  D E R I V A T I V E  D I F F E R E N C E  W E I G H T S  

S U B D I A G O N A L  H A T R I X  E L E H E N T S  

C O E F F I C I E N T  I N  S U T H E R L A N D ' S  L A U  O €  L A H I N A R  

V I S C O S  I T Y  

D I A G O N A L  M A T R I X  E L E M E N T S  

C O E F F  I C  I E N T  IN S U T H E R L A N D '  S LAW OF L A H  I N A R  

V I S C O S  I T Y  

S U P E R D I A G O N A L  M A T R I X  E L E H E N T S  

V E C T O R  E L E M E N T S  

I N D E X  F O R  D I V E R G E N C E  

f l A X I H I U K  V A L U E S  O F  T H E  D E L T A S  

S P E C I F I E D  BOUNDAHY LAYEK THICKNESS FUR 

K I X I N G  L E N G T H  H O D E L  O €  T U R B U L E N C E  

B O U N D A H Y  L A Y E R  T H I C K N E S S  

STEP SIZE I N  H A R C H I N G  D I R E C T I O N  

C O E F F I C I E N T S  OF P O L Y N O H I A L  F I T  FOR B O U N D A R Y  S H A P E  

D I F F E R E N C E  W E I G H T S  I N  C O H P U T A T I O N A L  C O O R D I N A T E S  

S T O R A G E  L E V E L  O F  D I V E R G E N C E  I N  

G E N E R A L  P U R P O S E  S T O R A G E  

G E N E R A L  P U R P O S E  S T O R A G E  A R R A Y S  F O R  B L O C K  

T R  I-r! I A G O N A L  H A I R  I X  I N V E R S  I O N  

G E N E R A L  P U R P O S E  S T O R A G E  A R R A Y S  F O R  B L O C K  

T R I - D I A G O N A L  n m I x  INVERSION 

G E N E R A L  P U R P O S E  S T O R A G E  A R R A Y S  F O R  B L O C K  
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F O R T R A N  
S Y M B O L  

DS 

D S L  

DSW ( 20 , 2 1 

D X  

DX I 

D X H A X (  10) 

DXM I N  ( 1 0 )  

c o n n o N  
B L O C K  

WAR 

VAR 

BOUND 

BOUND 

BOUND 

O P E R  

O P E W  

G E O H  

G E O H  

D 1  ( N E Q S ,  ND I F H ,  NN) L I N  

D l L ( N E Q S , N @ I F H )  L I N  

D 2 ( N E Q S , N D 1 F H f N N )  L I N  

E t  NN , N C P L D  , N N )  

EPS WAR 

E P S H W F  LAUU 

F ( 1 4 , N N )  Z P L O T  
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D E S C R I P T I O N  

TR I - D  I A G O N A L  H A T R  I X  I N V E R S I O N  

I N D E X  F O R  D I S S I P A T I O N  F U N C T I O N  

S T O R A G E  L E V E L  O F  D I S S I P A T I O N  F U N C I I O N  I N  

G E N E R A L  P U R P O S E  S T O R A G E  

C O E F F I C I E N T S  O F  P O L Y N O H I A L  F I T  F O R  S W I T C H I N G  T H E  

B O U N D A R Y  S U R F A C E  T Y P E  

S P E C I F I E D  T E H P E R A T U R E  G R A D I E N T  N O R H A L  T O  

B O U N D A R Y  

S T O R A G E  A R R A Y  F O R  T E H P E R A T U R E  G R A D I E N T  N O R H A L  

TO B O U N D A R Y  

S T E P  S I Z E  I N  X - D I R E C T I O N  

I N V E R S E  O F  DX 

H A X I M U H  H A R C H I N G  STEP S I Z E  

H I N I M U H  M A R C H I N G  S T E P  SIZE 

S T O R A G E  F O R  L I N E A R I Z A T I O N  C O E F F I C I E N T S  O F  

Y - D E R I V A T I V E S  

S T O R A G E  OF L I N E A R  I Z A T  I O N  C O E F F  I C  IENT 

F O R  T E M P E R A T U R E  AND P R E S S U R E  C O H P U T A T I O N  

S T O R A G E  F O R  L I N E A R I Z A T I O N  C O E F F I C I E N T S  O F  

Z - D E R I V A T I V E S  

A R R A Y  U S E D  I N  H G A U S S  E R R O R  C H E C K  - E Q U I V A L E N C E D  

E O  C ( 1 , l . l )  

I N D E X  F O R  11 ISS I P A T  I O N  O F  T U R B U L E N C E  

K I N E T  I C  E N E R G Y  

C O N V E R G E N C E  C R I I E R I O N  FOR WALL F U N C T I O N  F O R H U L A T I O N  

T E H P O R A R Y  STORCIGE F O R  P L O T  I N F O R n A T I O N  



F O R T R A N  
S Y H B O L  

F A C L H ( 2 0 , 2 )  

F G ( 8 , 3 , N N )  

G A H ( 3 )  

G A H H A  

G C  

H 

H P O R K  

H I N F  

H R E F  

H R E F  I 

I A  

I A D D O ( N D 1 F H )  

I A D D Y ( N D 1 F H )  

I A D D S l ( N N )  

COHMON 
B L O C K  

LAWU 

H E I R I C  

G E O H  

R E F  

U N I T S  

VAR 

R E F  

F R E E  

R E F  

R E F  

C C O K  

A D D R  

ADDR 

ADDRF 

I A D D S Z ( N D I F H , N N )  A D D R F  

I A D D S 3 ( N D I F H , N N )  A D D R F  

I A D D S 4  (ND I F M A A 2 ,  N N )  A D D R F  

IADDSS(NDIFH~~2,NN)ADDRF 

I A D D l  ADD 

I A D D 2  ADD 

I A D D 3  ADD 

IAD I SWEEP 

I A D  In1 SWEEP 

I A P (  10)  G E O H  

D E S C R I P T  I O N  

H U L T I P L I C A T I O N  F A C T O R  T O  B O U N D A R Y  L A Y E R  

T H  I C K N E S S  

S T O R A G E  F O R  K E T K I C  C O E F F I C I E N T S  AND D E R I V A T I V E S  

C O O R D I N A T E  T R A N S F O R H A T I O N  C O E F F I C I E N T  F O R  

B O U N D A R Y  C O N D I T I O N S  

R A T I O  O F  S P E C I F I C  H E A T S  

G R A V I T Y  C O N S T A N I  

I N D E X  FOR E N T H A L P Y  

H E A T  OF F O R H A T I O N  

F R E E  S T R E A H  E N T H A L P Y  

R E F E R E N C E  E N T H A L P Y  

I N V E R S E  O F  R E F E R E N C E  E N T H A L P Y  

I N D E X  R E F E R R I N G  TO S U B D I A G O N A L  H A T R I X  E L E H E N T S  

A D D R E S S E S  I N  T H E  O P P O S I T E  D I R E C T I O N  

A D D R E S S E S  I N  T H E  P R I H A R Y  D I R E C T I O N  

A D D R E S S  F O R  P O I N T  L O G I C  O F  F L U I D  V A R I A B L E S  

A D D R E S S  F O R  Y D E R I V A I I V E  O F  F L U I D  V A R I A B L E S  

ADDRESS F O R  2 D E R I V A T I V E  O F  F L U I I I  V A R I A B L E S  

A D D R E S S  F O R  M I X E D  D E R I V A T I V E  OF F L U I D  V A R I A B L E S  

A D D R E S S  F O R  H I X E D  D E R I V A T I V E  O F  F L U I D  V A R I A B L E S  

NO. O F  G E O M E T R I C  V A R I A B L E S  U S E D  I N  ADD C O D E  

NO. O F  T R A N S V E R S E  G R I D P O I N T  U S E D  I N  ADD C O D E  

R E C O R D  SIZE U S E D  I N  ADD C O D E  

A D 1  S W E E P  D I R E C T I O N  

I A D I  - 1 

HAkCH I N G  S T E P  I N D E X  A I  W H I C H  A P ,  DXM I N ,  DXMAX 
67 



F O R T R A N  
S Y H B O L  

1 B  

I B C  

I B C P (  10) 

I B C P L P  

I B L T  

I B O U N D  (20,2) 

I B R K H X  ( NN, 5 )  

I E D G E  

connoti 
BLOCK 

CCOH 

BOUND 

PRF I L E  

PRF I L E  

LAWW 

BOUND 

BOUND 

BOUND 

BOUND 

I C  ccon 

I C D C ( N N t 1 , 2  1 C D C  

I C O H P  R E S T  

ICONS ( 3 ,  NEOS 1 O P E R  

D E S C R I P T I O N  

A R E  B E  IN I T  I A L  I Z E D  

I N D E X  R E F E R R I N Q  T O  D I A G O N A L  H A T R I X  E L E H E N T S  

I N D E X  F O R  BOUNDARY S U R F A C E  I D E N T I F I C A T I O N  

B A S I C  S U R F A C E  F O R  I N I T I A L  P R O F I L E  G E N E R A T I O N  

BOUNDARY S U R F A C E  NUMBER IN E A C H  L O O P  WHERE 

I N I T I A L  BOUNDARY L A Y E R  P R O F I L E  IS R E Q U I R E D .  

I B C P L P  = 1 OR 2 I F  I D I R P  = 2 

I B C P L P  = 3 O R  4 IF I D I R P  = 3 

F L A G  W H I C H  T E L L S  WHETHER BOUNDARY L A Y E R  

T H I C K N E S S  IS I N P U T  OR C A L C U L A T E D  D Y N A H I C A L L Y  

BOUNDARY S U R F A C E  T Y P E  I N D I C A T O R  

U P P E R  E O U N D A R Y  O F  AN E H B E D D E D  S O L I D  BODY 

E X P R E S S E D  I N  T E R H S  O F  G R I D  P O I N T  I N D E X  ON E A C H  

Y - C O O R D I N A T E  L I N E  AT U P  TO 5 S I R E A H W I S E  L O C A T I O N S .  

S E H I I N E L  W H I C H  S P E C I F I E S  E I T H E R  L E A D I N G  E D G E  

WHERE S O L I D  BODY S T A R T S  Ok T R A I L I N Q  EDGE WHERE 

S O L I D  BODY I E R H I N A T E S .  

LOWER BOUNDARY O F  A N  E H B E D D E D  S O L I D  BODY 

E X P R E S S E D  IN T E R H S  OF G R I D  P O I N T  I N D E X  ON E A C H  

Y - C O O R D I N A T E  L I N E  A I  U P  TO 5 S I R E A H W I S E  L O C A T I O N S .  

I N D E X  R E F E R R I N G  I O  S U P E R D I A G O N A L  K A T R I X  E L E H E N I S  

R E C O R D  I N D E X  F O R  R E A D H S  A N D  W k I T E l i S  HASS 

S T O R A G E  D E V I C E S - C D C  C O H P U T E R  O N L Y  

F L A G  F O R  C O H P U I E R  O P T I O N S  

F L A G  F O R  C O N V E C T I V E  F O R H U L A T I O N  B A S E D  O N  HACH 

HUHbEk AND E Q U A T I O N  
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F O R T R A N  
S Y H B O L  

I C O R D  

I C P L D ( N E Q S , 2 )  

I D  

ID IF (40) 

I D M P Y  

I D M P Z  

I D U M 2  (NN) 

I E Q  

I E Q B C ( 2 0 , 2 , N E Q S )  

I E Q N U H ( N E Q S )  

I F B U ( N N , N N )  

I F L A R E  

m n H P  

I G E O M  

I H  

I H S T A G  

ZJ 

I L  

COHHON 
B L O C K  

GEOK 

EON 

ccon 
O P E R  

DMP 

D n P  

ADDRG 

ADDRG 

EON 

BOUND 

EON 

GR Ii! 

O P E R  

DMP 

GEOW 

OR ID 

EQN 

D I F C O M  

GH I D  

I J E S C R  I P T  I O N  

F L A G  F O B  C O O R D I N A T E  T R A N S F O H f i A T I O N  O P T I O N S  

C O U P L E D  E Q U A T  ION S E N T  I N E L  

I N D E X  R E F E R R I N G  TO V E C T O R  H A T R I X  E L E H E N I S  

I N D E X  F O R  T Y P E  O F  D I F F E R E N C I N G  OF BOUNDARY 

C O N D  I T  lONS 

DUMP L I N E  N O .  IN Y D I R E C T I O N  

DUMP L I N E  NO. I N  Z D I R E C T I O N  

I N D I C A T O R  O F  THE P O I N T  IN D I F F E R E N C E  H O L E C U L E  

WHERE Y D E R I V A T I V E  IS T A K E N  

I N D I C A T O R  O F  THE P O I N T  IN D I F F E R E N C E  M O L E C U L E  

U H E R E  Z D E R I V A T I V E  IS T A K E N  

E Q U A T  I O N  NUMBER I N D E X  

S P E C I F I E D  BOUNDARY C O N D I T I O N  FOR U A L L  

I D E N T I F I C A T I O N  NUHBER OF E Q U A T I O N S  TO B E  SOLVED 

I N D I C A T O R  WHICH T Y P E S  G R I D  P O I N T S  I N  T H E  

C O H P U T A T  I O N A L  C R O S S - S E C T  I O N  P L A N E .  

S E N T I N E L  W H I C H  T E L L S  I F  F L A R E  O P T I O N  IS U S E D  

F L A G  F O R  DUMP O P T I O N S  

FLAG FOR COORDINATE SYSTEH a P r I o N s  

U P P E R  BOUNDARY P O I N T  ON T H E  L I N E  WHERE I H P L I C I T  

S O L U T I O N  IS O B T A I N E D  

F L A G  F O R  ENERGY E Q U A T I O N  O P T I O N S  

C O L U t l N  OR ROW NUP!EEH ON W H I C H  C A L C U L A I I O N  IS B E I N G  

MADE 

LOWER BOUNDARY P O I N T  O N  T H E  L I N E  WHERE I H P L I C I T  

S O L U T I O N  IS ObTA I N E D  
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F O R T R A N  
SY H B O L  

In 1x1, 

I N D  

I N D C  ( N N  1 

I N D L  

I N H 1 2  

I N H 2 1  

I N H 3 1  

I N H 3 2  

I O P T W F  

I O P T Y Z ( 3 , N E Q S , 2 )  

I P L O T  

I P R I N T  

I P R O F  

I P R T E  

I R S T  I N  

I R S T O T  

I S O N  IC 
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COHHON 
B L O C K  

LAWW 

VAR 

D I F C O H  

VAR 

ADD 

ADD 

ADD 

ADD 

LAWW 

O P E R  

c I O  

c I O  

P R F  I L E  

G A S L  

R E S T  

R E S T  

S U P E R  

D E S C R  I P T  I O N  

F L A G  F O R  W I X I N G  L E N G T H  O P T I O N S  

F L A G  W H I C H  T E L L S  IF H E S H  P O I N I  B E L O N G S  T O  

S U P E R S O N I C  OR S U B S O N I C  R E G I O N  

H A C H  NUHBEW I N D I C A T O R  

S T O W A G E  O F  B A C H  N U H B E R  I N D I C A T O R  I N  

G E N E R A L  P U R P O S E  S T O R A G E  

S E N T I N E L  U S E D  T O  D E T E R H I N E  F O R H U L A T I O N  U S E D  

I N  C A L C U L A T I O N  O F  T R A N S V E R S E  D E R I V A T I V E  O F  H 1  

S E N T I N E L  U S E D  T O  D E T E R H I N E  F O R H U L A T I O N  U S E D  

I N  C A L C U L A T I O N  O F  S T R E A H U I S E  D E R I V A T I V E  O F  H 2  

S E N T I N E L  U S E D  TO D E T E R H I N E  F O R k l U L A T I O N  U S E D  

I N  C A L C U L A T I O N  O F  S T R E A H W I S E  D E k I V A T I V E  O F  H 3  

S E N T I N E L  U S E D  I O  D E T E R H I N E  F O R H U L A T I O N  U S E D  

I N  C A L C U L A T I O N  O F  T R A N S V E R S E  D E R I V A T I V E  O F  H 3  

S E N T I N E L  W H I C H  D E T E R H I N E S  WALL F U N C T I O N  F O R M U L A T I O N  

F L A G  F O R  D I F F E R E N C I N G  F O R M U L A T I O N  B A S E D  O N  

H A C H  N U M B E R ,  E Q U A T I O N ,  AND AD1 D I R E C T I O N  

M A R C H I N G  S T A T I O N  I N T E R V A L  F O R  S T O R A G E  O F  

P L O T T I N G  I N F O R H A T I O N  

P R I t l A R Y  M A R C H I N G  S T A T I O N  I N T E R V A L  F O R  P R I N T I N G  

F L A G  FOR I N I T I A L  P R O F I L E  O P T I O N S  

F L A G  W H I C H  D E T E R M I N E S  E Q .  O F  S T A T E  F O R M U L A T I O N  

S T R E A M W I S E  S T A T I O N  N U H B E R  F O R  R E S T A R T  

S T R E A K W I S E  I N T E R V A L  F O R  S A V I N G  R E S T A R T  

I N F O R K A T  I O N  

F L A G  F O R  SONIC L I N E  I N T E R P O L A T I O N  L O G I C  



F O R T R A N  
S Y H b O L  

I S S H F T  

I S T A R T  

I S U H F  ( 4 )  

I S U  

I S Y H  

I T R A N S  

I U N  ITS 

I U A R N O ( N E Q S )  

I U A R P R ( 2 5 )  

I U  I S C  

I W A L F  

I 

I W R  

I Y  G D  ( ND I F H  ) 

I Z C T ( 3 )  

I1 I G ( 8 , 3 )  

COMMON 
B L O C K  

S U P E R  

S U P E R  

H E I R  IC 

BOUND 

U t i  I V A C  

Z P L O I  

LAWW 

U N I I S  

E Q N  

P R N T  

u ISC 

u ISC 

c I O  

ADDR 

Z E X l  

FGCOH 

D E S C k I P T I O N  

G R I D  P O I N T  L O C A T I O N  O F  S O N I C  L I N E  

I N D E X  U S E D  TO D E T E R H I N E  I F  S O N I C  L I N E  IS L A S T  

S U B S O N I C  P O I N T  Ok F I R S T  S U P E R S O N I C  P O I N T  

I N I T I A L  C O N D I T I O N  I N D E X  

L O C A T I O N  OF F O U R  B O U N D A R I E S  A S  I D E N T I F I E D  BY 

N S U R F  IN T E R H S  O F  Q R I D  P O I N T  I N D E X .  I S U R F ( 1 ) '  

A N D  I S U R F ( 2 )  A R E  Y - I N D I C E S  O F  N S U R F ( 1 )  A N D  

N S U H F ( 2 )  R E S P E C T I V E L Y , W H E K E A S  I S U R F ( 3 )  A N D  

I S U R F ( 4 )  A R E  Z - I N D I C E S  O F  N S U R F ( 3 )  A N D  N S U R F ( 4 )  

R E S P E C I  I U E L Y .  

S E N T I N E L  FOR WORD A D D R E S S A B L E  O B  S E C T O R -  

O R I E N T E D  H A S S  S T O R A G E  D E V I C E  - U N I U A C  O N L Y  

S Y H H E I R Y  O P T I O N  F O R  P L O T S  

F L A O  U H I C H  T E L L S  W H E T H E R  T R A N S I T I O N  T U R B U L E N C E  

M O D E L  L O G I C  IS U S E D  

F L A G  U S E D  T O  D E T E R M I N E  SEI O F  D I H E N S I O N  U N I T S  U S E D  

I D E N T I F I C A T I O N  N U H E E R  O F  D E P E N D E N I  V A R I A B L E S  

I N D E X  OF V A R I A B L E S  TO BE P R I N T E D  

F L A G  F O R  V I S C O S I I Y  O P T I O N S  

S E N T I N E L  W H I C H  D E T E R H I N E S  I F  W A L L  F U N C T I O N  

L O G I C  IS N E E D E D  I N  T H E  C A L C U L A T I O N  O F  WALL 

U I S C O S  I T Y  

S E N T  I N E L  FOR NCIMEL IS1 k E S T  PK I N T  

G E O H E T R Y  A D D R E S S E S  

R E L A T I V E  U N I T  NO. FOR V I R T U A L  f i E t l O R Y  S T O R A G E  

I N D E X  N E E D E D  I N  T H E  C A L C U L A T I O N  OF H E T R I C  
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F O R T R A N  
s Y n B o L  

C O H n O N  
B L O C K  

12 I G  ( 8 , 3 )  F G C O H  

JA(5) A D D R F  

J A D D O  (ND I F H  1 ADDR 

J A D D P ( N D 1 E H )  ADDR 

J B O U N D  ( N N  , 5 , 4 )  BOUND 

J D H A X  E Q N  

J D R U H  c 10 

J D U H  D I F C O I I  

J E Q B C ( 2 0 , 2 , N E Q S )  B O U N D  

J E Q N ( N E Q S , 2 )  E Q N  

J G S T O R  L I N  

J H I N ( L P ,  N N )  B O U N D  

J P L O I  

J P R  I N 1  

J P R O F (  4 )  

JRST I N  

J R S T O T  

J U A R ( N E Q S  , 2 )  

c I O  

c I O  

P R F  I L E  

R E S T  

R E S T  

E O N  

D E S C R  I P T  I O N  

I N F O R H A l  I O N  

I N D E X  N E E D E  I N  T H E  C A L C U L A T I O N  O F  H E T R I C  

I N F O R H A T  I O N  

S H I F T  L O G I C  I N D E X  

A D D R E S S E S  I N  T H E  O P P O S I T E  D I R E C T I O N  

A D D R E S S E S  I N  T H E  P R I H A R Y  D I R E C T I O N  

B O U N D A R Y  T Y P E  I N D I C A T O R  AT E A C H  P O I N T  O N  B O U N D A R Y  

Y G R I D  P O I N I  L O C A T I O N  OF H A X I H I U H  D E L T A  

A D D  C O D E  D E V I C E  

I N D E X  D E N O T  I N G  R E L A T  I V E  P O I N T  A B O U T  W H I C H  

D E R  I U A T  I U E  IS L O C A T E D  

S P E C I F I E D  B O U N D A R Y  C O N D I T I O N  F O R  NON-MALL 

E X T E R N A L  E Q U A T I O N  N U H B E R  

V A L U E  O F  J G  N E E D E D  BY S U B R O U T I N E  EO5 

LOWER G R I D  romr INDEX LIMIT OF E A C H  COHPUTAIIONAL 

L O O P ( L P )  ON E A C H  OF N N  Y - C O O R D I N A T E  L I N E S  

D E V I C E  FOR P L O T T I N G  

S E C O N D A R Y  H A R C H  I N G  S T A T  I O N  I N T E R V A L  F O R  P R I N T I N G  

S E N T I N E L  FOR BOUNDARY V A L U E S  D U R I N G  I N I T I A L  P R O F I L E  

G E N E R A T I O N  

L O G  I C A L  F I L E  F R O H  W H I C H  R E S T A R T  I N F O R H A T  I O N  

IS  R E A D  

L O G I C A L  F I L E  OH W H I C H  R E S T A R T  I N F O k H A T  I O N  

IS Wk I T T E N  

U A R  I A b L E  N U H b E R  A S S O C  I A T E D  W ITH E A C H  E Q U A T I O N  

DURING A N  A D 1  SWEEP 
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F O R T R A N  
S Y H B O L  

J U R ( 5 )  

1 J X  

~ J X D U K  

I J X D U H P  

~ K A ( 5 )  

C D t I A X  

K D R U H  

K H A X ( L P , N N )  

K H I N ( L P , N N )  

J H A X ( L P , N N )  

L A D D  ( 3 )  

L B R K Y ( l 0 )  

L B R C Z  ( 10 1 

L D R U i l  

L E O 1  

C O H H O N  
B L O C K  

c 10 

O P E R  

O P E R  

D K P  

ADDRG 

E Q N  

c 10 

B O U N D  

BOUND 

B O U N D  

BOUND 

BOUND 

BOUND 

c I O  

E QN 

D E S C R  I P T  I O N  

SENT I N E L  F O R  N A H E L I S T  P R  I N 1  O P T  I O N  

R E L A T I V E  H A R C H I N G  S T A T I O N  C O U N T E R  

A B S O L U T E  H A R C H I N G  S T A T I O N  C O U N T E R  

K A R C H I N G  S T A T I O N  WHEN D U H P  O U T P U T  IS R E Q U E S T E D  

I N D I C I E S  N E C E S S A R Y  I O  C A L C U L A I E  G E O H E T R I C  Q R O U P I N G S  

Z G R I D  P O I N T  L O C A T I O N  O€ M A X I H I U H  D E L T A  

D E V I C E  F O R  T E K P O R A R Y  S T O R A G E  - U S E D  I N  G E O H E T R Y  

G E N E R A T I O N  

U P P E R  G R I D  P O I N T  I N D E X  L I H I T  O F  E A C H  C O H P U I A T I O N A L  

L O O P ( L P )  ON EACH O F  titi Z - C O O R D I N A T E  L I N E S  

LOWER G R I D  POINT INDEX LInIr OF EACH COKPUTAIIONAL 

L O O P ( L P )  ON EACH O F  NN Z - C O O R D I N A T E  L I N E S  

U P P E R  G R I D  P O I N T  I N D E X  L I K I I  OF E A C H  C O H P U I A T I O N A L  

L O O P ( L P )  ON EACH O €  NN Y - C O O R D I N A T E  L I N E S  

A D D R E S S E S  F O R  BOUNDARY C O N D I T I O N S  

B R E A K - O F F  P O I N T S  ON T H E  S P A N W  I S E (  Z-D I R E C T  I O N )  

C O K P U T A T I O N A L  BOUNDARY I O  B E  U S E D  TO D E T E R f l I N E  

THE S U R F A C E  NUHBER O F  Y - P E R S P E C T I V E  S E G H E N T E D  

B O U N D A R Y  I N  S U B R O U T I N E  W H E R E .  

B R E A K - O F F  P O I N T S  O N  T H E  T R A N S V E R S E ( Y - D I R E C T I O N )  

C O K P U T A T I O N A L  BOUNDARY TO B E  U S E D  T O  D E T E R H I N E  

T H E  S U R F A C E  NUHBER O F  Z - P E R S P E C T I V E  S E G M E N T E D  

B O U N D A R Y  IN S U B R O U T  I N E  U H E R E .  

DEW ICE F O R  F I N A L  H E T R I C  I N F O R M A T  I O N  

LOWEST INDEX OF E Q U A T I O N S  S O L V E D  E I T H E R  B Y  

C O U P L E D  Ok U N C O U P L E D  A D 1  S W E E P  
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F O R T R A N  
SYnBOL 

L E Q 2  

L E V ( 3 )  

L E V E L  

L E X T Y ( 2 , N N )  

L E X T Z ( 2 , N N )  

L G  A 1 ( NN 1 

L G A 2  ( N D  IFM, NN 1 

COHHON 
B L O C K  

E QN 

ADDR 

ADDRG 

BOUND 

BOUND 

ADDRG 

ADDRG 

ADDRG 

L G A 4 ( N D I F H A A 2 , N N )  ADDRG 

L G A 5  ( N D I F H A A 2 ,  N N  1 ADDRG 

L P  S E C T  

L R E €  

L R E F  I 

L S H F T  

7 4  

R E F  

R E F  

GEOH 

DESCR I P T  I O N  

H I G H E S T  I N D E X  O F  E Q U A T I O N S  S O L V E D  E I T H E R  BY 

C O U P L E D  Ok U N C O U P L E D  A D 1  S W E E P  

G E O H E T R Y  L E V E L  

G E O H E T R Y  L E V E L  

E X T E N T S  O F  C O H P U T A T I O N A L  D O H A I N  OF E A C H  

Y - C O O R D I N A T E  L I N E  

L E X T Y ( 1 , N N )  = LOWER L I M I T ;  

L E X T Y ( 2 , N N )  = U P P E W  L I H I T  

E X T E N T S  O F  C O M P U T A T I O N A L  D O H A I N  OF E A C H  

Z - C O O R D I N A T E  L I N E  

L E X T Z ( 1 , N N )  = LOWER L I t i I T ;  

L E X T Z ( 2 , N N )  = U P P E R  L I t f I T  

A D D R E S S  F O R  P O I N T  L O G I C  OF G E O M E T R I C  V A R I A B L E S  

A D D R E S S  F O R  Y - D E R I V A T I V E  OF G E O H E T R I C  

VAR I A B L E S  

A D D R E S S  F O R  Z - D E R I V A T I V E  L O G I C  OF G E O H E T R I C  

V A R  I A B L E S  

A D D R E S S  F O R  C R O S S  D E R I V A T I U E ( Y - Z )  L O G I C  O F  

G E O H E T R I C  V A R I A B L E S  

A D D R E S S  F O R  C R O S S  D E R I U A T I V E ( Z - Y )  L O G I C  O F  

G E O M E T R I C  VAR I A B L E S  

I N D E X  O F  C O H P U T A T I O N A L  L O O P  IN E I T H E R  Y OR Z 

D I R E C T  I O N .  

R E F E R E N C E  L E N G T H  

I N V E R S E  O F  R E F E R E N C E  L E N G T H  

SHI€I I N D E X  FOR C O O R D I N A T E  T R A N S F O R H A T I O N  



F O R T R A N  
S Y H B O L  

L V G ( 8 )  

HASSl 

HASS2 

H C P L D  

H E F F  

H E F F L  
I 

H E W  

H E Q S  

H E Q S  1 

K E Q S 2  

H O D H P  

H G D l  

M G D 2  

H I N  

n INF 

H L  

H L E V E L  

H L L  

MN 

n N L  

H O U T  

H R E F  

M H E F  I 

connou 
B L O C K  

BOUND 

c I O  

c 10 

EQN 

VAR 

VAR 

EQN 

E Q N  

EQN 

E Q N  

DHP 

G R  I D  

G H  I D  

c I O  

F R E E  

VAR 

PARAH 

VAR 

VAI! 

VAR 

c I O  

R E F  

R E F  

D E S C R I P T I O N  

B O U N D A R Y  P O I N T  I N D I C A I O R  F O R  B O U N D A R Y  C O N D I T I O N  

G E N E R A L  P U R P O S E  HASS S T O R A G E  C I E V I C E  

G E N E R A L  P U R P O S E  HASS S T O R A G E  D E V I C E  

N U H B E R  OF C O U P L E D  E Q U A T I O N S  I O  B E  S O L V E D  

I N D E X  F O R  E F F E C T I V E  V I S C O S  I T Y  

S T O R A G E  L E V E L  O F  E F F E C T I V E  V I S C O S I T Y  I N  

G E N E R A L  P U R P O S E  S T O R A G E  

L E Q l  - 1 

T O T A L  N U H B E R  O F  E Q U A I I O N S  I O  BE S O L V E D  

I N D E X  O F  F I R S T  E Q U A T I O N  'IO B E  S O L V E D  

I N D E X  OF L A S T  E Q U A T I O N  TO B E  S O L V E D  

F L A G  F O R  DUHP O P T I O N S  

IL + 1 

I H  - 1 

I N P U T  D E V I C E  

F R E E  S T R E A H  HACH N U H B E R  

I N D E X  F O R  H I X I N G  L E N G T H  

H A X I ~ U H  NO. OF STORAGE LEVELS 

S T O R A G E  L E V E L  O F  H I X I N G  L E N G T H  I N  

G E N E R A L  P U R P O S E  S T O R A G E  

I N D E X  F O R  HACH N U H B E R  

S I O R A G E  L E V E L  O F  HCICH N O  IN 

G E N E R A L  P U R P O S E  S T O R A G E  

O U I P U T  D E V I C E  

R E F E R E N C E  HACH N U H B E R  

I N V E R S E  OF H E € E R E N C E  H A C H  N U M B E R  
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F 0 R T R A N 
s Y n B o L  

MSDD 

n s D i  

HSD2 

H S E C Y  

n S E C Z  

H S G V A R ( 2 5 )  

nu 
H U  INF 

n u L  

H U R E F  

H U R E F  I 

nu T 

n U T L  

nw INF 

MWREF 

H U R E F  I 

HZVAR 

N A B C  

NANG 

NbRKX 

76  

COtiWON 
B L O C K  

c 10 

C I O D  

C I O D  

S E a  

S E C T  

P R N T  

VAR 

F R E E  

V A R  

R E F  

R E F  

VAR 

VAR 

F R E E  

R E F  

R E F  

PARAM 

ccon 
M E T R I C  

BOUND 

DESCR I P T  I O N  

T E H P O R A R Y  HASS S T O R A G E  D E V I C E  

G E N E R A L  P U R P O S E  H A S S  S T O R A G E  D E V I C E  

G E N E R A L  PURPOSE n A s s  S T O R A G E  DEVICE 

n A x I n u n  NO. OF Y-PERSPECTIVE SUBSECTIONS 

( U S E D  T O  S E T  U P  T H E  S U B S E C T I O N S  F O R  C R O S E C )  

nAxInun N u n m  OF Z-PERSPECTIVE SUBSECTIONS 

( U S E D  T O  S E T  UP T H E  S U B S E C T I O N S  F O R  C R O S E C )  

T I T L E  O F  V A R I A B L E S  T O  B E  P R I N T E D  

I N D E X  F O R  L A H  I N A R  V I S C O S  I T Y  

F R E E  S T R E A H  L A H I N A R  V I S C O S I T Y  

S T O R A G E  L E V E L  O F  L A H I N A R  V I S C O S I T Y  IN 

G E N E R A L  P U R P O S E  S I O R A G E  

R E F E R E N C E  V I S C O S  I T Y  

I N V E R S E  O F  R E F E R E N C E  V I S C O S I T Y  

I N D E X  F O R  T U R B U L E N T  V I S C O S I T Y  

S T O R A G E  L E V E L  OF T U R B U L E N T  V I S C O S I T Y  IN 

G E N E R A L  P U R P O S E  S T O R A G E  

F R E E  S T R E A H  MOLECULAR W E I G H 1  

R E F E R E N C E  H O L E C U L A R  W E I G H T  

I N V E R S E  O F  R E F E R E N C E  H O L E C U L A R  W E I G H T  

n A x I n u n  N u n m  OF STORAGE VARIABLES 

N A B C  = ID 

A N G L E  OF C O O R D I N A T E  L I N E S  R E L A T  I V E  T O  HOR I Z O N I A L  

NUMBER OF S T R E A H W I S E  L O C A T I O N S  WHERE S O L I D  B O D I E S  

E M B E D D E D  IN T H E  C O H P U T A T I O N A L  D O f l A I N  S T A R T  O R  

TERM I N A T E .  



F O R T R A N  
S Y f l B O L  

N C f l A X  ( 5 1 

N C f l I N (  5 )  

N C P L D  

N C P L D 2  

N C R F  

I N C R L  

N C T R  

N C U Y  

ND IFM 

ND I F H T  

ND IFWl 

N D I F P 1  
I 

N E ( 2 )  

N E Q S  

N E Y  

N E Y  H 1 

N E Z  

N E Z H l  

COMHON 
B L O C K  

SECT 

SECT 

P A R A M  

ccon 
SECT 

S E C T  

D I F C O H  

E Q N  

P A R A f l  

D I F C O H  

D I F C O f l  

D I P C O H  

GEOM 

E O N  

P A H A H  

G k  I D  

Gk I D  

G R I D  

G h  I D  

D E S C H  I P T I O N  

U P P E R  L I H I T  O F  BOUNDARY L I N E  U H E R E  E N D C A Y  

S O L U T  I O N  IS O E T A  I N E D .  

L O U E R  L I f l I T  O F  BOUNDARY L I N E  U H E R E  E N D C A P  

S O L U T  I O N  IS O E T A  I N E D  . 
H A X I f l I U N  NUHBER O F  C O U P L E D  E Q U A T I O N S  

N C  P L D  A A a 

E Q U A L  T O  E I T H E R  N Y C R P ( I S E C 1  OR N Z C R F ( 1 S E C )  W H E R E  

ISEC I N D I C A T E S  A S U B S E C T  I O N  I N  T H E  C R O S S - S E C T  ION. 

E Q U A L  T O  E I T H E R  N Y C R L ( I S E C 1  O R  N Z C R L ( I S E C 1  

W H E R E  I S E C  I N D I C A T E S  A S U B S E C T I O N  I N  T H E  

C R O S S - S E C T I O N .  

C E N T E R  O F  D I P P E R E N C E  H O L E C U L E  

NUWBER O F  C O U P L E D  E Q U A T I O N S  

H A X I H I U H  NUf lBER O F  G R I D  P O I N T S  I N  A D I F P E H E N C E  

M O L E C U L E  

2AND I F M  

N D I F H  - 1 

N D I P H  + 1 

N U H B E H  O F  G R I D  P O I N T S  IN Y AND Z D I R E C T I O N S  

N U H B E R  O F  C O U P L E D  E Q U A T I O N S  T O  B E  S O L V E D  IN E A C H  

A D 1  SWEEP 

M A X I H I U H  NUMBER OF EQUAIIONS IN C O D E  

NUMBER OF G R I D  P O I N T S  I N  Y D I R E C T I O N  

H E Y  - 1 

N U f l E E R  OF G k I D  P O I N T S  I N  Z D I R E C T I O N  

N E Z  - 1 
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F O R T R A N  
S Y H B O L  

N E 2 S  

N F  I L E  

N G E O H V  

N H 1  

"12 

"3 

"21 

N H 3  

"31 

"32 

N I I T  

N IN 

N I N C  

N JD 

NJF(10) 

N J L ( 1 0 )  

N J S E G  

NKF(10) 

N & L  ( 10 ) 

N K S E G  

78 

COHHON 
BLOCt: 

c I O  

R E S T  

n E T R  I C  

H E T R I C  

H E I R  I C  

H E I R  I C  

H E I R  I C  

H E T R  I C  

H E T R  I C  

H E T R  I C  

c I O  

D I F C O H  

D I F C O H  

D I F C O H  

S E C T  

S E C I  

S E C T  

S E C T  

S E C T  

S E C T  

D E S C R I P T I O N  

S E N T I N E L  F O R  S P R E A D I N G  O F  2-D P R O F I L E  T O  3-15 

S E Q U E N C E  N U H B E R  O F  R E S T A R T  I N F O R f 4 A T I O N  

NUMBER O F  H E T R I C  C O E F F I C I E N T S  AND D E R I V A T I V E S  

I N D E X  POW H E T R  I C  C O E F F  I C  I E N T  IN X-D I R E C T  I O N  

I N D E X  F O R  D E R I V A T I V E  O F  X H E T R I C  IN Y D I R E C T I O N  

I N D E X  F O R  H E T R I C  C O E F F I C I E N T  IN Y - D I R E C T I O N  

I N D E X  F O R  D E R I V A T I V E  O F  Y H E I R I C  IN X D I R E C T I O N  

I N D E X  F O R  H E T R I C  C O E F F I C I E N T  IN Z - D I R E C T I O N  

I N D E X  F O R  D E R I V A T I V E  OF 2 H E T R I C  IN X D I R E C T I O N  

I N D E X  F O R  D E R I V A T I V E  O €  Z H E T R I C  IN Y D I R E C T I O N  

NO. O F  F A L S E  t i A R C H I N G  S T E P S  U S E D  I O  G E N E R A I E  

T H E  I N I T I A L  P R O F I L E  

H A X I H U H  L I N E S  O F  S T O R A G E  IN C O R E  A T  O N E  I I H E .  

N I N / 2  4- 1 

G R I D  P O I N T  L O C A T I O N  FOR S T A R T  O F  S E C O N D  S W E E P  

L E F T  BOUNDARY I N D E X  O F  E A C H  Y - P E R S P E C T  I V E  

S U B S E C I I O N  U S E D  F O R  Y - S W E E P  O F  A D I .  

R I G H T  BOUNDARY I N D E X  O F  E A C H  Y - P E R S P E C T I V E  

S U B S E C T I O N  U S E D  F O R  Y - S W E E P  OF A D I .  

N U H B E R  O F  S U B S E C T I O N S  IN E A C H  C R O S S  S E C T I O N  

U S E D  € O R  Y - S W E E P  O F  A D 1  

LOWER EOUNDARY I N D E X  OF E A C H  Z - P E R S P E C T I V E  

S U B S E C T I O N  U S E D  F O R  Z - S W E E P  O F  A D I .  

U P P E R  BOUNDARY I N D E X  O F  E A C H  Z - P E R S P E C T I V E  

S U B S E C T I O N  U S E D  FOR Z - S W E E P  OF A D I =  

N U H b E h  OF S U B S E C T I O N S  IN E A C H  C R O S S  S E C T I O N  



F O R T k A N  
S Y H B O L  

N L O O P Y ( N N )  

N L O O P Z ( N N )  

NHAXWF 

" 

N P A D  I 

NPROF(10) 

NPTSX( 4 )  

N P T S Y Z ( 1 5 , 4 )  

N P U N C H  

N R G T ( 2 )  

NS 

N S A V E D  

N S E C R Y  

N S E C R Z  

NSHAX 

N S U R F  ( 4 1 

COMHON 
b L O C K  

S E C T  

S E C T  

LAWW 

P A R A n  

EQN 

PkF I L E  

I N T B C  

I N T B C  

c 10 

D I F C O H  

GEOM 

R E S T  

S E C T  

S E C T  

P A R A H  

BOUND 

D E S C R I P T I O N  

U S E D  FOE Z-SWEEP OF A D I .  

N U H B E R  O F  L O O P S  ON Y - C O O R D I N A T E  L I N E  

N U H B E k  O F  L O O P S  ON Z - C O O R D I N A T E  L I N E .  

H A X  I H  I U n  NUHEER O F  I T E R A I  I O N S  A L L O W A B L E  I N  

C A L C U L A T I O O N  O F  WALL S H E A R  V E L O C I T Y  

M A X I H I U H  NUHBER O F  G R I D  P O I N T S  I N  Y O R  Z D I R E C T I O N  

N U H B E R  O F  C O U P L E D  AND U N C O U P L E D  E Q U A T I O N S  TO BE 

S O L V E D  D U R I N G  E A C H  A D 1  S W E E P  

N U H B E R  O F  S U R F A C E S  WHERE I N I T I A L  BOUNDARY L A Y E R  

P R O F I L E S  A R E  G E N E R A T E D  I N  E A C H  L O O P  E I T H E R  I N  

Y OR Z D I R E C T I O N .  NPROF IS E I T H E R  1 OR 2. 

N U H B E R  OE S T R E A f l W I S E  L O C A T I O N S  W H E R E  T R A N S P I R A T I O N  

DAIA IS  I N P U I  

N U H B E R  OF C R O S S - P L A N E  L O C A T I O N S  W H E R E  T R A N S P I R A T I O N  

IS I N P U T  

P U N C H  D E V I C E  

N C T R  P O I N T S  FHOH R I G H T  O R  TOP B O U N D A R Y  

L A S T  H A R C H  ING STAT ION 

S E Q U E N C E  NUMEER O F  R E S T A R T  S T A I I O N S  S A V E D  

N U t i B E k  O F  Y - P E R S P E C T I V E  S U B S E C T I O N S  I N  T H E  

C R O S S - S E C T I O N  F O R  S U B R O U I I N E  C R O S E C .  

N U H B E R  OF Z - P E h S P E C T  I U E  S U E S E C T  I O N S  I N  T H E  

C R O S S - S E C T I O N  F O R  S U B R O L I T I N E  CTtOSEC. 

2 G R E A T E k  THAN NS 

S U R F A C E  NUMBER O F  F O U R  B O U N D A R I E S  W I T H  M I N I M U M  

D I S T A N C E  AWAY FROH A G R I D  P O I N T  C O N S I D E R E D .  
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F O R T R A N  
S Y  H B O L  

N U N E R R  

N V S O L V  

N W O R D 2 ( 5 0 )  

N Y C R F  ( 10 1 

N Y C R L ( 1 0 )  

N Z C R F  ( 10) 

N Z C R L (  10) 

OMBWD 

OHEGWF 

P 

P C O N l  

P C O N 2  

P INF 

P L  

P L T F L D ( N N , N N , 8 )  

PR 

P R E F  

c o n H o N  
B L O C K  

c 10 

EQN 

S T R A G E  

S E C T  

S E C T  

S E C T  

S E C T  

L IN 

LAWW 

VAR 

R E F  

R E F  

F R E E  

VAR 

Z P L O ' I  

R E F  

R E F  

D E S C R  IP'I I O N  

N S U R F ( 1 )  AND N S U R F ( 2 )  I N D I C A T E  Y - P E R S P E C T I V E  

S U R F A C E  N U H B E R , U H E R E A S  N S U R F ( 3 )  AND N S U R F ( 4 )  

I N D I C A T E  Z - P E R S P E C T I V E  S U R F A C E  N U H B E R  

D E V I C E  F O R  M G A U S S  E R R O R  C H E C K  

NUMBER O F  D E P E N D E N T  V A R I A B L E S  

S I Z E  O F  E A C H  COHHON B L O C K  

LOWER BOUNDARY I N D E X  O F  E A C H  Z - P E R S P E C T I V E  

S U B S E C T I O N  F O R  U S E  IN C R O S E C .  

U P P E R  BOUNDARY I N D E X  O F  E A C H  Z - P E R S P E C T I V E  

S U B S E C T I O N  FOR U S E  IN C R O S E C .  

L E F T  BOUNDARY I N D E X  O F  E A C H  Y - P E R S P E C T I V E  

S U B S E C T I O N  F O R  U S E  IN C R O S E C .  

R I G H T  BOUNDARY I N D E X  O F  E A C H  Y - P E R S P E C T I V E  

S U B S E C T I O N  FOR U S E  IN C R O S E C .  

1.0 - BWD 

U N D E R - R E L A X A T I O N  F A C T O R  F O R  WALL F U N C T I O N  

F O R M U L A 1  I O N  

I N D E X  F O R  S T A T I C  P R E S S U R E  

( G A H H A - l . O ) / G A M H A  

0.5 A P C O N l  

F R E E  S T R E A H  S T A T I C  P R E S S U R E  

S T O R A G E  L E V E L  O F  S T A T I C  P R E S S U R E  IN 

G E N E R A L  P U R P O S E  S T O R A G E  

G E N E R A L  P U R P O S E  S T O R A G E  F O R  P L O T  I N F O R H A T I O N  

P H A N D T L  N U M b E R  

R E F E R E N C E  P k E S S U h E  
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F O R T R A N  
S Y f l b O L  

P R E F  I 

P R E P S  

P R E S S ( 2 0 , 2 )  

P R T  

P k T K E  

P Z E R O  

Q 1 D  ( 8  ,NN) 

02D(8, N N )  

R 

R A I L D  

R E  

R E  I 

R E  I2  

R E P L  

R G A S  

R H O ( N D I F H 1  

RHO I N F  

R H O k E F  

R H O W L ( N N , 5 , 4 )  

R H R E F I  

R U N  I U  

S A V E ( N E Q S , N N )  

c o n n o N  
B L O C K  

K E F  

u I S C  

BOUND 

R E F  

u ISC 

FkEE 

f l E T R  IC 

f l E T R I C  

V AR 

L A U U  

R E F  

R E F  

REP 

F R E E  

R E F  

ADDR 

F R E E  

R E F  

BOUND 

R E F  

U N I T S  

E Q N  

U E S C R  IPT  I O N  

I N V E R S E  OF R E F E R E N C E  P R E S S U R E  

P R A N D I L  NO. I N  T U R B U L E N T  E N E R G Y  D I S S I P A T I O N  

E Q U A T I O N  

SPEC IF I E D  P R E S S U R E  AT B O U N D A R Y  

T U R E U L E N T  P R A N D I L  NO. 

P R A N D T L  NO. I N  I U R B O L E N T  K I N E C T I C  E N E R G Y  E Q U A T I O N  

S I A G N A I  I O N  P R E S S U R E  

I N T E R H E D I A I E  S T O R A G E  ARRAY F O R  H E T R I C  

I N P O W n A I I O N  

I N I E R H E D I A T E  S T O R A G E  A R R A Y  F O R  f l E T R I C  

I N F O R H A T I O N  

I N D E X  F O R  D E N S I T Y  

E H P I R I C A L  N U H E R I C A L  C O N S T A N T  I N  f l I X I N G  L E N G T H  

C O f l P U T A I I O N  

R E Y N O L D S  NUMBER 

I N V E R S E  OF R E Y N O L D S  N U M B E R  

2.0 A R E I  

R E Y N O L D S  NUf lBER P E R  U N I T  L E N G T H  

G A S  C O N S T A N T  

S T O R A G E  OF I S E N S I I Y  F O R  FIkST D E R I V A T I V E S  

F R E E  S T R E A n  D E N S I T Y  

R E F E R E N C E  D E N S I T Y  

S T O R A G E  F O R  D E N S I T Y  O N  T H E  B O U N D A R Y  

I N V E R S E  OF R E F E R E N C E  D E N S I T Y  

U N I V E k S A L  GAS C O N S T A N T  

S T O R A G E  FOR C H A N G E S  D U R I N G  F I R S T  A D 1  SUEEP 
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F O R T R A N  
S Y n B O L  

S N ( N N )  

S Q 1  

SQ2 

S Y S T E n  

T 

I E M P S ( N N , 5 , 4 )  

I E H P S N ( N N , 5 , 4 )  

I I N E  

I I T L E ( 6 )  

T K E  

T K E  I N F  

T L  

T R E F  

I R E F  I 

IT1 ( 2 )  

TTZ(2) 

T W A L L ( 2 0 , 2 )  

TWOD 

T Z E R O  

1 2 ( 2 )  

U 

U D U E  ( 2 0 , 2 )  

U D U f l ( N D I F l 4 )  

U I N F  

c o n n o N  
B L O C K  

LIN 

ADD 

ADD 

Z P L O T  

VAR 

BOUND 

BOUND 

F R E E  

Z P L O T  

WAR 

LAWW 

WAR 

R E F  

R E F  

GEOM 

G E O n  

BOUND 

G E O n  

F R E E  

GEOM 

WAR 

LAWW 

ADDR 

F R E E  

D E S C R  I P I  I O N  

S I O R A G E  FOR N I H  L E V E L  IERnS 

ADD C O D E  S T R E A M W I S E  L O C A T I O N  

A D D  C O D E  S T R E A M W I S E  L O C A T I O N  

S E N T I N E L  F O R  C O O R D I N A T E  S Y S I E H  - P L O T S  O N L Y  

I N D E X  F O R  S T A I  I C  T E M P E R A T U R E  

S I O R A G E  A R R A Y  F O R  T E H P E R A T U R E  ON BOUNDARY 

S I O R A G E  A R R A Y  F O R  I E f l P G R A I U R E  A T  N T H  S T R E A H W I S E  

S T A T I O N  - B O U N D A R I E S  O N L Y  

F R E E  S T R E A H  S T A T I C  T E M P E R A T U R E  

TIILE F O R  P L O T  F I L E  

I N D E X  F O R  T U R B U L E N T  K I N E I  I C  E N E R G Y  

F R E E  S T R E A H  T U R b U L E N I  K I N E T I C  E N E R G Y  

S T O R A G E  L E V E L  OF S T A T I C  T E H P E R A T U R E  IN 

G E N E R A L  P U R P O S E  S T O R A G E  

R E F E R E N C E  T E M P E R A T U R E  

I N V E R S E  OF R E F E R E N C E  I E H P E R A T U R E  

H E S H  D I S I R I b U T  I O N  F A C T O R  

H E S H  D I S T R I B U T I O N  F A C T O R  

S P E C I F I E D  T E M P E R A T U R E  A T  BOUNDARY 

F L A G  F O R  TWO D I M E N S I O N A L  L O G I C  

S T A G N A T I O N  T E H Y E R A T U R E  

K E S H  D I S T R I B U T I O N  F A C T O R  

I N D E X  F O R  V E L O C I T Y  I N  X - D I R E C T I O N  

BOUNDARY L A Y E R  I H I C K N E S S  S A M P L I N G  C R I T E R I A  

S T O R A G E  O F  V E L O C I T Y  F O R  F I R S T  D E R I V A T I V E S  

F R E E  S T R E A M  V E L O C I T Y  
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F O R T R A N  
s Y n B o L  

U R E F  

U H E F  I 

U S C A L E  

U S T A R ( N N , 5 , 4 )  

U I I L ( N D I F t 4 )  

V 

V E L S Q ( N N 9 N N )  

V K B  

V K C  

V N 0 ( 1 5 , 1 5 , 4 )  

W 

X(5021 

X B R K X  (5  1 

X E N I R  

X G 1  ( N N ,  2 )  

X G 2 ( N N , 2 )  

X O B ( 4 )  

XVN0(15,15,4)  

c o n n o N  
B L O C K  

R E F  

R E F  

ADD 

LAWW 

ADDR 

V A R  

L A W  

LAWW 

I N I B C  

V A R  

G E O K  

BOUND 

G E O H  

O P E R  

O P E R  

BOUND 

I N T B C  

GEOM 

O E S C H I P I  I O N  

R E F E R E N C E  V E L O C I T Y  

I N V E R S E  OF R E F E R E N C E  V E L O C  I I Y  

K E I R I C  S C A L E  F A C T O R  

F R I C T I O N  V E L O C I T Y  ON S O L I D  U A L L  B O U N D A R Y  

S T O R A G E  OF D E P E N D E N T  V A R I A B L E  F O R  F I R S T  D E R I V A T I V E S  

I N D E X  F O R  V E L O C I I Y  I N  Y - D  I R E C T  I O N  

S T O R A G E  FOR U A A 2  + V A A 2  + LlAA2 - E Q U I V A L E N C E D  I O  

P L I F L D t  1,l , 4)  

S E C O N D  C O N S I A N I  I N  L O G A R I I H H I C  L A U  O F  T H E  U A L L  

VON EARMAN C O N S T A N T  

I N P U I  T R A N S P I R A T I O N  R A T E S  

I N D E X  FOR V E L O C I T Y  I N  Z - D I R E C T I O N  

S I R E A H W  ISE L O C A T  I O N  

S I H E A t l W I S E  L O C A T I O N  U H E R E  AN E H B E D D E D  S O L I D  

BODY S I A R I S  OR I E R t l I N A I E S  

S I A R T  I N G  S I R E A H W  ISE L O C A I  I O N  

F I R S T  D E R I V A T I V E S  O F  C O H P U I A I I O N A L  C O O R D I N A T E S  

W I I H  R E S P E C I  I O  P H Y S I C A L  C O O R D I N A T E S  

S E C O N D  D E R I V A T I V E S  O F  C O t i P U T A I I O N A L  

C O O R D I N A T E S  U I I H  R E S P E C I  I O  P H Y S I C A L  C O O R D I N A T E S  

I N I I I A L  L O C A T I O N  O F  S O L I D  O B S T A C L E  I N  X D I R E C T I O N  

STREAMWISE L O C A T I O N S  W H E R E  I R A N S P I R ~ P I O N  DATA IS 

I N P U I  

M E S H  D I S I R I b U T  I O N  F A C I O R  

P H Y S I C A L  D I S T A N C E S  F R O t l  B O U N D A R I E S  - E Q U I V A L E N C E D  

TO PLTFLD(1,1,2) 
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F O R T R A N  
SY M E O L  

YAW 

Y P L U S L ( N N , " )  

YS(2,2) 

Y S A V E (  NN , 2 )  

Y Z P R O F ( N N )  

Y Z U N 0 ( 1 5 , 1 5 , 4 )  

Z N T R N  ( N1S In, 3 )  

Z Z  ( M , L  , K )  

C O M n O N  
B L O C K  

R E F  

G E O n  

G E O H  

P R F  I L E  

I N T B C  

Z E X l  

V A R Z Z  

D E S C R  IPT I O N  

Y A U  A N G L E  

S T O R A G E  FOR RHO A U T A U  / V I S L A H  - E Q U I V A L E N C E D  TO 

P L T F L B (  1,1,1) 

N O N D I H E N S I O N A L  E X T E N T S  O F  C O H P U T A T I O N A L  D O M A I N  

C O M P U T A T  I O N A L  C O O R D  I N A T E S  

I E M P O R A R Y  S T O R A G E  A R R A Y  FOR P H Y S I C A L  C O O R D I H A T E S  

C R O S S - P L A N E  L O C A T I O N S  WHERE T R A N S P I R A T I O N  D A T A  IS 

I N P U T  

A R R A Y  F O R  V I R T U A L  H E f l O R Y  S T O R A G E  

N I S I H  = N N  A NN A HZVAR A M L E V E L  

G E N E R A L  P U R P O S E  S T O R A G E  F O R  D E P E N D E N T  A N D  D E R I V E D  

V A R I A B L E S  - H = H Z V A R ,  L = H L E V E L ,  tC = N D I F M  A NN 
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Tables  I and I1 presen t  s a m p l e  input  and ou tpu t  f o r  one of t h e  test  

c a s e s  p rev ious ly  d i scussed .  The sample  input w a s  used t o  c a l c u  a te  the  f low 

f i e l d  of r e c t a n g u l a r  supersonic  jet  ( a spec t  r a t i o  = 1) i n t e r a c t  ng with the  

ambient stream. The input  d a t a  is f o r  an i n i t i a l  run  (IRSTIN = 0 )  with a 

restart t o  be w r i t t e n  every  10 marching s t eps  (IRSTOT=10). The case  i s  t o  be 

run  on CRAY-1 computer. The streamwise and two t r a n s v e r s e  momentum as w e l l  

as c o n t i n u i t y  and s t a g n a t i o n  en tha lpy  (IHSTAG = 1) v e r s i o n  of t he  energy 

equa t ion  are t o  be so lved .  The r e fe rence  l e n g t h  i s  2.0m (IUNITS = 21, t h e  

Reynold's number per m is 1.6685 x l o6 ,  t h e  f r e e  stream Mach number 2.0 and 

t h e  f r e e  stream pressu re  is 2864.0 N t / m  . 50 x 50 g r i d  p o i n t s  are u t i l i z e d  

i n  both d i r e c t i o n s  of t h e  computat ional  c ros s - sec t ion  (NE = 50,501 and a 

C a r t e s i a n  c o o r d i n a t e  system is t o  be u t i l i z e d  (IGEOM = 1 ) .  The i n i t i a l  run  

i s  t o  be marched 10 s t e p s  (NS = 10) s t a r t i n g  a t  a streamwise l o c a t i o n  of 0.0 

(XENTR = 0.0). 

Then g r i d  po in t  c h a r a c t e r i s t i c s  is spec i f i ed  (IFBW(1,l) = . . . .) t o  d e f i n e  

a computat ional  domain i n  the  c ross -sec t ion .  For a d e t a i l e d  exp lana t ion  of 

t h e  i n d i c a t o r s ,  computer program l ist  should be consu l t ed .  During t h i s  

i n i t i a l  run  g r i d  poin t  c h a r a c t e r i s t i c s  w i l l  change a t  one streamwise l o c a t i o n  

(NBRKX = 1). A t  t h e  streamwise l o c a t i o n  0.015 (XBRKX(1) = 0.015j an embedded 

s o l i d  body w i l l  beg in  (IEDGE = 0 ) .  The s o l i d  body i s  a s p l i t t e r  bounded by 

two s u r f a c e - f i t t e d  coord ina te  l i n e s  ( 1 8  and 19 i n  Y-di rec t ion  and 18 and 19 

i n  2 - d i r e c t i o n ) .  In  the  Namelist LISTR, IFBW i s  r e s p e c i f i e d  as shown i n  

Table  I. An in format ion  on IBOUND and JEQBC cor responding  t o  t h e  new IFBW i s  

a l s o  provided. Grid p o i n t s  are c l u s t e r e d  i n  t h e  v i c i n i t y  of  t h e  embedded 

s o l i d  body, i.e., about  0 .2  i n  Y-direction and 0.2 i n  Z-d i rec t ion  (XO(1) = 

0.2,0.2). The packing is  t o  be moderately t i g h t  (T2(1) = 3.0, 3.0). An 

i n i t i a l  p r o f i l e  is genera ted  wi th in  t h e  program t o  supply a uniform stream 

needed fo r  t h i s  c a s e  (IPROF = 1)  and modified t o  g i v e  two d i f f e r e n t  

magnitudes of v e l o c i t y .  P r i n t o u t  i s  given every  5 s t e p s  (IPRINT = 5)  and 

p l o t  in format ion  is w r i t t e n  every 5 steps (IPLOT = 5 ) .  

2 

The streamwise marching s t e p  s i z e  i s  0.01 (DELX = 0.01). 

The ou tpu t  f o r  t h e  three-dimensional ca se  c o n s i s t s  of NAMELIST 

informat ion  and d i f f e r e n c e  weight information and flow f i e l d  i n f o m a t i o n  a t  

each 5 t h  streamwise s t a t i o n .  The NAMELIST in fo rma t ion  is provided as a means 
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f o r  t h e  user to check t h e  input  d a t a .  Three-dimensional f low f i e l d  output  i s  

c o n t r o l l e d  by t h e  v a r i a b l e  IVARPR. For t h r e e  dimensions,  however, t h e  o u t p u t  

i s  i n  the form of a c ros s - sec t iona l  p l a n e  of  o u t p u t .  A l l  v a r i a b l e s  (except  

t h e  pressure)  are i n  a non-dimensional form with  r e s p e c t  t o  t h e  r e f e r e n c e  

c o n d i t i o n s  which are d i sp layed  i n  NAMELIST LIST 2. The p r e s s u r e  terms are 

nondimensionalized wi th  r e s p e c t  to t h e  f r ees t r eam p r e s s u r e .  The i n t e g e r  

v a r i a b l e s  I Y  and IZ r e p r e s e n t  t h e  t r a n s v e r s e  and spanwise g r i d  p o i n t  

l o c a t i o n s  r e s p e c t i v e l y  whi le  Z and Y are t h e  cor responding  computa t iona l  

p o s i t i o n s .  Table  I1 is a p o r t i o n  of  t h e  o u t p u t  for t h e  three-dimensional  

r e c t a n g u a l r  j e t  case i .e., t h e  cross p l a n e  d i s t r i b u t i o n  of  t h e  streamwise 

v e l o c i t y  (UVEL) and p r e s s u r e  (PRES). Other  v a r i a b l e s  can (and were) p r i n t e d  

o u t ,  b u t  f o r  reasons of economy of  space  are not  presented  here .  Fol lowing 

t h e  f low f i e l d  informat ion  is  t h e  subsonic-supersonic  g r i d  p o i n t  p o s i t i o n  

i n d i c a t o r  (ISS) with  r e s p e c t  to t h e  lower and upper s u r f a c e  ( r i g h t  and l e f t  

s u r f a c e  f o r  I A D I  3 ) ,  and t h e  boundary i n d i c a t o r  (JBOUND). The ISS v a l u e s  

t e l l  t h e  g r i d  poin t  where t h e  f low t r a n s i t i o n s  from subsonic  to supe r son ic  

f low while t h e  v a r i a b l e  JBOUND t e l l s  t h e  type  of  s u r f a c e  (JBOUND = 1 

corresponding to  a w a l l  and JBOUND = 2 corresponding  to  a nonwall) .  F i n a l l y ,  

p l o t  f i l e  in format ion  is  d i sp layed .  
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FIGURE I. - SHOCK STRUCTURE FOR A TYPICAL 
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MIXING REGION 

FIGURE 3 - SCHEMATIC OF AXISYMMETRIC JET FLOW 
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FIGURE 5 - SCHEMATIC OF 3-DIMENSIONAL JET FLOW 
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FIGURE IO - ASPECT RATIO = 2 - STREAMWISE DEVELOPMENT 

OF STAGNATION PRESSURE ISOBARS 
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Y 

FIGURE 12 - A SAMPLE CROSS-SECTION WITH 

EMBEDDED SOLID BODIES. 
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TABLE I - Sample Three-Dimensional Inpu t  

T O P  RECORII 

1 1.0 
8 R E S T  
ICOtIP = 3, 
IRSTIN = 0, NFILE = 0, NSAUED = 0 ,  
IRSTOT = 10, 
JNSTOT = 10, 
g E N D  
aLISTl 
IHSTAG = 1, 
IEOUND = 40A2, 
IEQEC(1,1,1) = 40A2,  
IEQBC(1,1,2) = 40At2, 
IEBEC(l,l,3) = 40At2, 
IEQBC(1,1,4) = 40k16, 
IEQEC(l,l,S) = 40A8, 

JEQEC(1,1,2) = 2,12,18A2,20All, 
JEQEC(1,1,3) = 11,12,18Al1,2OA2, 
JEQBC(l,1,4) = 14,12,38A14, 
JEQEC(l,l,S) = 17,12,38k17, 
ZEND 
8LIST2 
LREF = 1.0, 
REPL = 1.6685E+OG, 
MI N F  = 2.0, 
PINF = 2864.0, 
PR = 0.71, 
IUNITS.= 2 ,  
8END 
8LIST3 
TWOD = .FALSE., 

TZ(1) = 3.0,3.0, 
N E  = 50,50, 
IGEOM = 1, 
DELX = 0.01, 

NOZZLE(AR=l) 

JEQBC(1,1,1) = 11<,12,3gAll, 

XO(1) = 0.2,0.2, 

IAP = 1, 
rJXHIN = 0.01, 
D X M A X  = 0.01,. 
A P  = 1.0, 
NS = 10, 
XENTR = 0.0, 
IFBW(1,l) = 5,48k3,5,5OA2, 

3,48A1,3,50A2, 
3,48A1,3,50A2, 
3,48A1,3,50A2, 



3,48fil73,5OA2, 
3 , 4 8fi 1 , 3 , 50A2 , 
3 , 48A1 , 3,50A2, 
3,48fi1,3,50A2, 
3 , 48Al 3,50A2, 
3 , 48Al , 3,50A2, 
3 , 48A1 , 3,50A2, 
3 , 48Al , 3,50A2 , 
3,48AlP3,50A2, 
3,48A1,3,50A2, 
3,48A1,3,50A2, 
3,48Al93,5OA2, 
3,48Al13,5OA2, 
3,48Al, 3,50A2, 
3,48AlP3,50A2, 
3,48fil,3,50A2, 
3,48AlT3,5OA2, 
3,48A193,50A2, 
3,48A1 3,50A2 , 
3,48AlT3,5OA2, 
3,48AlY3,50A2, 
3,48Al , 3,50A2 , 
3,48AlP3,50A2, 
3,48Alr3,5OA2, 
3T48Al,3,50A2, 
3,48Al , 3,SOA2, 
3,48A1,3,50A2, 
3,48fi1,3,50A2, 
3,48A1,3,50A2, 
3,48A1,3,50A2, 
3,48AlP3,50A2, 
3,48Al93,5OA2, 
3,48Alr3,5OA2, 
3,48fi1,3,50k2, 
3,48A1,3,5Ok2, 
3 , 48Al , 3,5OA2, 
3,48AlT3, 5OA2 I 

3,48AlF3,5Ok2, 
3,48AlT3,5OA2, 
3,48A1,3,5OA2, 
3 p 48kl p 3 50k2, 
3 , 48Al , 3,50A2, 
3,4SA1,3,5@k2, 
3 , 48kl , 3,5OA2, 
3,48Al 3,50k2 I 

5 , 48A3,5,50A2 , 
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NBRKX = 1, 
XBkKX(1) = 0.015, 
IEkKMN = 17A18,2A1,481AO, 
IBHKMX = 19A13,481AO, 
IEDQE = 0, 
&END 
PLIST4 

IPRO€ = 1, 
I M I X L  = 1, 
PEND 
8L IST5 
IPRINT = 5, 
IPLOT = 5, 
8END 
8L ISTR 
IFBW(1,l) = 5,1GA3,2A5,3OA3,5,5OA2, 

3,1GA1,2A3,30A1,3,50A2, 
3,1Gk1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30A1,3,S0A2y 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30k1,3,50A2, 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30~1,3,50A2, 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30A1,3,50tk2, 
3,1GA1,2A3,30A1,3,50A2, 
3,1GA1,2A3,30A1,3,50A2, 
5,1GA3,5,3,30A1,3,50A2, 
5,17A3,4,30A1,3,50A2, 

IVISC = 3, 

I E O U N D  = 2,2A1,2,3A1,3A2,10A2,2,2Alf2,3Al,3A2,10~2, 

JEQBC(l,l,2) = 3A2,12,3~2,12,2,12,1OA2,20All, 
JEQBC(1,1,3) = 3A11,12,3k11,12,11,12,10A11,20A2, 
JEQBC(1,1,4) = 3A14,12,3A14,12,14,12,30A14, 
JEQBC(1,1,5) = 3A17,12,3A17,12,17,12,30A17T 

JEaBC(lyly1) = 3 A 1 1 ~ 1 2 ~ 3 A 1 1 ~ 1 2 ~ 1 1 ~ 1 2 ~ 3 0 A 1 1 ~  

% E N D  
EOF 
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